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Abstract
Thermoelectric (TE) materials, which can directly convert heat to electrical energy
or vice-versa, offer the simplest and most environmentally friendly solution for versatile
power generation and solid-state refrigeration. However, the critical limitation for the
widespread applications of TE technology is the relatively low conversion efficiency of
materials, which is primarily governed by the dimensionless figure of merit, ZT = S2T/,
where S, and T are the Seebeck coefficient, electrical conductivity, thermal
conductivity, and absolute temperature, respectively. Finding and developing highefficiency TE materials is the main task involved in developing competitive TE
technology for large-scale commercial applications.
The high-performance TE materials require a large power factor (PF= S2and a
low Many strategies have been successfully used to improve ZT values by optimizing
these electron and thermal transport parameters, such as reducing the lattice thermal
conductivity by defect engineering, and maximizing the power factor by band engineering.
However, it remains a major challenge to rationally further improve ZT due to the
interdependence and coupling between the electron and thermal transport parameters.
Recently, remarkable ZT enhancement has been achieved in various material systems by
composite strategy through the introduction of nano- or micro-sized structures to tailor
the transport of phonons and electrons. This research work is dedicated to developing
high-performance SnSe-based and Bi2Te3-based TE materials by using novel composite
strategies. By incorporating the second-phase inclusion and designing the microstructures,
the significant enhancement of thermoelectric performance has been achieved in SnSebased and Bi2Te3-based composite materials. The results show that the composite strategy
can not only significantly reduce the thermal conductivity by enhancing phonon scattering
2

at the interfaces, but also offers the possibility of modulating the electron transport
properties, thereby improving the TE performance. This thesis work is summarized as
follow:
i. An innovative composite strategy is used to enhance the thermoelectric
performance of SnSe materials by decoupling the electrical transport from thermal
transport through carbon inclusions. This work shows that the incorporation of
carbon fiber (CF) can successfully enhance the electrical conductivity while
greatly reducing the thermal conductivity of polycrystalline SnSe. Furthermore,
the SnSe samples incorporated with carbon fibers exhibit superior mechanical
properties, which are favourable for device fabrication applications.
ii. Based on nano-composite and defect engineering, we successfully improve the
TE performance of BiSbTe (BST) composite materials by adding a small amount
of amorphous nanosize boron particles. This work demonstrated that the nanoboron incorporation as well as the hierarchical microstructures greatly reduces the
thermal conductivity and simultaneously enhances the power factor due to the
optimization of electron transport. As a result, a record high ZT of 1.6 at 375 K is
achieved in bulk BiSbTe/boron composite materials, making it unique in being
capable of a maximum conversion efficiency of 11.3% in a device implementation.
iii. By combining carbon fiber incorporation with sparking plasma sintering methods,
the TE performance of BiSbTe materials is significantly improved over a wide
range of temperatures. A high ZT of 1.4 at 375 K and a high average ZT of 1.25
for temperatures in the range of 300 to 500 K is achieved in BiSbTe/carbon
microfiber (BST/CF) composite materials. A thermoelectric unicouple device
based on our p-type BST/CF composite material and a commercially available ntype bismuth telluride-based material show a huge cooling temperature drop in
3

the operating temperature range of 299 K to 375 K, and are greatly superior to the
unicouple device made of both commercial p-type and n-type bismuth telluridebased materials.
iv. To address the problems of the low conversion efficiency and poor mechanical
performance for n-type material, we have successfully fabricated carbon fiberreinforced n-type BiTeSe composites by spark plasma sintering. Our results show
that incorporating a small amount of carbon fiber (≤ 0.5wt%) into BiTeSe can
dramatically reduce the lattice thermal conductivity while maintaining a large
power factor, leading to the high peak ZT of 1.1(at 400 K) and an average ZTave
value of 0.95 (at 300~550 K) obtained in the BiTeSe/carbon composite materials.
Furthermore, these BiTeSe/carbon materials exhibit superior compressive
strength when compared with a commercial zone-melted BiTeSe material.
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List of Figures
Chapter 1
Figure 1.1. Energy statistics: Thermoelectric generators can be used to recover the
waste heat[2].
Figure 1.2. Schematic diagrams of (a) the Seebeck effect for power generation mode, (b)
the Peltier effect for refrigeration mode, and (c) the Thomson effect for reversible cooling
or heating.[6]
Figure 1.3 Thermoelectric modules showing the direction of charge flow in both cooling
and power generation. Thermoelectric modules are composed of suitable pairs of n and
p-type materials, forming unicouples[10].
Figure 1.4. Heat source temperature dependence of thermoelectric power generation
efficiency; the efficiency for conventional mechanical engines as well as the Carnot limit
and the Curzon-Ahlborn limit are also plotted for comparison; the cold-side temperature
is fixed at 300 K and the ZT values are assumed to be temperature independent. [15]
Figure 1.5. Examples of thermoelectric generators (TEGs) and their application. (a)
Thermoelectric generators with a radioisotope heat source are used to the provide power
supply for the Apollo Lunar Surface Experiments Package. (image adapted from Ref.[6]).
(b) A schematic model of an advanced radioisotope thermoelectric generator (image
adapted from ref.[6]). (c) Automotive application of thermoelectric generators. (d) A
schematic model of thermoelectric generators applied in automobiles for harvesting waste
gas heat (figure adapted from Ref.[17]).
Figure 1.6 Examples of wearable thermoelectric generators for harvesting energy from
body heat. (a) Thermoelectric wristwatch powered by using body heat (image adapted
from Ref. [20]). (b) A self-powered wearable electrocardiography (ECG) system powered
by using body heat (image adapted from Ref.[21]). (c) Flexible thermoelectric generators
embedded in clothes that can capture body heat. (d) Thermoelectric boots that can charge
a mobile phone (figure adapted from Ref[6]).
Figure 1.7. The widespread application of thermoelectric refrigeration. (a) Commercial
portable thermoelectric refrigerator. (b) Wearable thermoelectric cooling. (c) Coffee (left)
and wine cooler (right). (d) Thermoelectric cooler for experimental research. (e) Fully
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integrated lab-on-chip device as a micro-total analytical system (μTAS) designed for
portable and on-site care devices. (d) Cooling blanket designed for infants. (figure
adapted from Ref[6]).

Chapter 2
Figure 2.1 Thermoelectric parameters as functions of carrier concentration (figure
adopted from Ref. [14]).
Figure 2.2. The influence of band anisotropy on thermoelectric parameter. (a) Effective
mass as a function of band anisotropy (K) ; (b) Carrier mobility as a function of carrier
concentration under different K values (where the density of states effective mass remains
constant).(c) Large band anisotropy leads to ZT improvement (figure adopted from
Ref.[17]).
Figure 2.3. (a) Thermoelectric parameters as functions of carrier concentration.
(b).Strategies for stabilizing the optimal carrier concentration. The carrier concentration
usually shows a (T)2/3 dependence (red line); the doping methods includes the
conventional doping (orange dotted line), graded doping (green lines), and temperaturedependent doping(purple dotted line). (c) Different doping methods. (d) ZT improvement
by using different doping approaches. (figures adapted from Ref.[18])
Figure 2.4 Schematic representation of the density of states of (a) a single valence band,
(b) a converged band, (c) a flattened band, and (d) the introduction of resonant levels.
(figure adopted from Ref.[26]).
Figure 2.5. Band convergence in thermoelectric materials. (a) Schematic diagram of
temperature-induced band convergence in PbTe0.85Se0.15[2]. (b) Schematic diagram of
composition-induced band convergence in Mg2Si1−xSnx.(c) Pseudo-cubic structure in
tetragonal chalcopyrite contributes to band convergence; d) Structural transition-induced
band convergence in Bi2−xSbxSe3[36].(figure adopted from Ref.[17]).
Figure 2.6. Schematic of the potential barrier for (a) low energy carriers and (b) minor
carriers. (c) Calculated results for n-type Si80Ge20 show how energy-dependent carriers
contribute to the Seebeck Coefficient[44]. (figure adopted from Ref.[47]).
Figure 2.7. Schematic illustration of (a) un-doped semiconductor, (b) modulation doping,
(c) uniform doping. Red arrows show the carrier scattering. (d, e) Fermi level positions
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in un-doped, uniformly doped, and modulation-doped semiconductors: (d) n-type doping
and (e) p-type doping. (figure adopted from Ref.[18] ).
Figure 2.8. Schematic illustration of basic strategies for reducing lattice thermal
conductivity. (a) anharmonicity and multidimensional defects; (b) low group velocity
resulting from soft bonds and heavy atomic mass, and c) small specific heat of acoustic
phonons stemming from crystal structural complexity.(figures adopted from Ref.[13]).
Figure 2.9 Schematic diagram of multiscale defects. (a) Atomic-scale point defects; (b)
nanoscale precipitates; (c) mesoscale grains in one single material for all-scale
hierarchical architecture of optimized for phonon scattering. (figure adopted from Ref.[74]).
Figure 2.10. Temperature dependence of the figure-of-merit, ZT, for state-of-the-art (a)
n-type[92-102] and (b) p-type[103-111] bulk thermoelectric materials. (figure adopted from
Ref.[112]).
Figure 2.11. Timeline for the state-of-the-art thermoelectric materials (bulks), including
Bi2-xSbxTe3, BiCuSeO, clathrates, Cu2Se, GeTe, half-Heuslers, SnSe, PbTe, skutterudites,
SnTe, and Zintls. The inset images from left to right are high-angle dark field ‒ scanning
TEM

(HAADF-STEM)

images

of

Ba0.08La0.05Yb0.04Co4Sb12

multiple-filled

skutterudites[93], fast Fourier transform (FFT) images of dense dislocation arrays in
Bi0.5Sb1.5Te3[57],

solid-state

transformation

of

the

CuSe2

template

into

(1−x)Cu2Se/(x)CuInSe2 nanocomposites[111], schematic illustration of out-of-plane charge
and phonon transports in n- and p-type SnSe[149], and high ZT in PbTe promoted by strains
in the lattice and band convergence[150]. (figure adopted from Ref.[151]).
Figure 2.12. (a) The crystal structure of Bi2Te3[154]; (b) the first Brillouin zone of the
rhombohedral cell; (c) the band structure[155, 156].
Figure 2.13. (a) Room temperature carrier concentration of the undoped single crystals,
HP and HD polycrystalline Bi2Te3-xSex samples. (b) Room temperature carrier
concentration of the undoped single crystals, and HP and HD polycrystalline Bi2–xSbxTe3
samples. (figure adopted from Ref.[157]).
Figure 2.14. Room temperature carrier concentration and carrier mobility of (a) n-type
Bi2Te2.79Se0.21,[164] and (b) p-type Bi0.5Sb1.5Te3 alloys[165]. Temperature dependent lattice
thermal conductivity of (c) n-type Bi2Te2.79Se0.21 alloys and (d) p-type Bi0.5Sb1.5Te3 alloys.
Temperature dependence of ZT of e) n-type Bi2Te2.79Se0.21 alloys and f) p-type
Bi0.5Sb1.5Te3 alloys. (figure adopted from Ref.[157]).
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Figure 2.15. (a) Scanning electron microscope (SEM) fractographs of all the bulk
samples with different processing histories. ZM-HD2 denotes as the samples that were
directly hot deformed twice by using commercial zone-melted (ZM) n-type Bi
2Te2.79Se0.21

ingot; HP-HD2 denotes as the samples that were hot deformed twice by using

the hot pressing (HP) samples (powder processing by ball milling and sintering by hot
pressing method). (c) µ(m*/m0)3/2 /κph at 300 K for all the Bi2Te2.79Se0.21 bulk samples as
a function of the hot deformation number; (d) Temperature dependence of ZT for all the
Bi2Te2.79Se0.21 bulk samples with different processing histories.[164].
Figure 2.16. (a) Schematic illustration of the liquid-phase compaction process. The Te
liquid (red) between the Bi0.5Sb1.5Te3 grains is expelled during the compaction process.
Temperature dependence of (b) the lattice thermal conductivity and (c) ZT for a
Bi0.5Sb1.5Te3 ingot, a ball milled sample (BM), a melt-spun sample (S-MS), and a liquidphase compaction melt-spun sample (Te-MS). [170]
Figure 2.17. Crystal structures of α-SnSe (Pnma space group) along the (a) a-axis, (b) baxis, and (c) c-axis; and crystal structures of β-SnSe (Cmcm space group) along the (d)
a-axis, (e) b-axis, and (f) c-axis.[119](g) Schematic diagrams of harmonicity and
anharmonicity; (h) resonant bonding in SnSe. Here Ф(r), a0, and r are the potential energy,
lattice parameter, and distance between two adjacent atoms, respectively.[189]
Figure 2.18. Band structure of (a) α-SnSe and (b) β-SnSe.(figure adopted from Ref.[119])
Figure 2.19. (a) Temperature dependent of ZT values along different axial direction. The
insets show the specimens cut along the three axes and corresponding measurement
direction.[110] (b) ZT values along different axial directions comparisons of hole doped
SnSe and undoped SnSe crystals[191].
Figure 2.20. (a) ZT values for p- and n-type SnSe with and without phase transition. Inset
images show the SnSe crystal structure (blue, Sn atoms; red, Se atoms) with the
investigated out-of-plane direction. The sample cleaved along the (100) plane and the
diagram show measurement direction. (b) Schematic illustration of out-of-plane charge
and phonon transports in n- and p-type SnSe. The colored dots represent the charge
densities. The gray blocks represent the two-atom-thick SnSe slabs along the out-of-plane
direction (a axis) of SnSe.[192]
Figure 2.21. (a) Temperature-dependent ZT for polycrystalline SnSe with chemical
dopant. (b)Average and peak ZT polycrystalline SnSe with chemical dopants. (c)
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Temperature-dependent ZT for polycrystalline SnSe with inclusions. (d) Average and
peak ZT of polycrystalline SnSe with chemical dopants. (figures adopted from Ref.[112])
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Figure 3.1. Schematic illustration of spark plasma sintering and the sintered bulk
materials.[5]
Figure 3.2. (a) Bragg’s Law defining the conditions for the occurrence of diffraction
peaks (https://h-and-m-analytical.com/wp/xrd/).). (b) Schematic illustration of X-ray
diffractometer instrument (http://xrd.co/component-parts-x-ray-diffractometer/).
Figure

3.3.

Principle

of

scanning

electronic

microscopy

(FE-SEM)

(https://www.tekportal.net/scanning-electron-microscope/).
Figure 3.4. Schematic diagram of scanning transmission electron microscope (STEM).
(https://en.wikipedia.org/wiki/Scanning_transmission_electron_microscopy)
Figure 3.5. (a) Schematic diagram of Linseis LSR-3 Seebeck and electrical conductivity
measuring system. (https://www.linseis.com/en/products/thermoelectrics/lsr-3/). (b)
Schematic diagram of Ozawa Rz2001i Seebeck coefficient and electrical conductivity
measuring system (Model RZ2001i manual).
Figure 3.6. Hall Effect measurement setup (https://en.wikipedia.org/wiki/Hall_effect)
Figure 3.7. (a) Fundamental principle of DSC; (b) photograph of DSC204 instrument
(https://www.netzsch-thermal-analysis.com/en/landing-pages/differential-scanningcalorimetry-dsc-differential-thermal-analysis-dta/).
Figure

3.8.

Principles

of

the

LFA

method

(https://www.netzsch-thermal-

analysis.com/en/landing-pages/principle-of-the-lfa-method/).
Figure 3.9. Operating principle of Thermomechanical Analysis (TMA) instrument
(https://www.netzsch-thermal-analysis.com/en/products-solutions/thermomechanicalanalysis/tma-402-f1f3-hyperion/).

Chapter 4
Figure 4.1 (a) X-ray diffraction (XRD) patterns of polycrystalline SnSe and SnSe/CF
samples; (b) the degree of orientation preference (400) of each sample from the Lotgering
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method.
Figure 4.2. Scanning electron microscope (SEM) images and energy-dispersive X-ray
(EDS) maps of the SnSe and SnSe/CF bulk samples. a) Secondary electron imaging (SEI)
image of the polished surface of SnSe/1.0CF; b) Backscattered electron (BSE) image of
SnSe/1.0 CF sample; c) Secondary electron image of the fractured surface of pure SnSe;
d, e) Secondary electron images of the fracture surface of SnSe/0.5CF; f) EDS maps of
SnSe/0.5CF, highlighting an exposed fiber.
Figure 4.3. STEM images of the SnSe/CF05 specimen. (a) Low magnification brightfield (BF) image showing the SnSe matrix (dark) and carbon phase (light). (b) Mediummagnification high-angle annular dark-field (HAADF) image showing the interfaces
between CF and the SnSe matrix. (c) EDS maps of the interface in (b); (d) Atomicresolution BF image showing the interface and interfacial defect regions. (e) Fourier
filtered image of the (101) reflection taken from the boxed region in (d), showing the high
density of dislocations. (f) Strain map of (d), which was calculated by geometric phase
analysis (GPA), showing the lattice strain field variations in the matrix.
Figure 4.4. The electrical transport properties of SnSe and SnSe/CF samples.
Temperature-dependence of (a) the Seebeck coefficient; (b) the electrical conductivity;
(c) the power factor.
Figure 4.5. Thermal transport properties of SnSe and SnSe/CF samples. Temperaturedependence of: (a) the total thermal conductivity (κ); (b) the lattice thermal
conductivity(κL); (c) the electrical thermal conductivity (κe).
Figure 4.6. (a) Schematic diagram of SnSe sample doped with carbon fibre to produce
3D conductive networks. (b) Schematic diagram of the band alignment of the SnSe/CF
samples; (c) Possible phonon scattering mechanisms in the SnSe/CF samples. (d)
Temperature dependence of the ZT values of the SnSe and SnSe/CF samples.
Figure 4.7. (a) Electrical conductivity (σ) and Power factor (PF) at 823 K as a function
of the carbon fiber contents (circular points relate to the left axis, hexagonal points to the
right axis). (b) Lattice thermal conductivity (κL) and σ/ κ ratio as functions of the carbon
fiber content (squares points relate to the left axis, circular points to the right axis). The
dash line and selected arrows/points are only guides to the eye.
Figure 4.8. Comparison of (a) thermal conductivity (κ) and (b) the figure-of-merit (ZT)
for SnSe/CF05 (this work) and other reported SnSe systems. The error bar represents the
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uncertainty of ZT, about 15% in this work.
Figure 4.9. The Vickers hardness of SnSe samples with different CF contents.
Figure S 4.1. Thermoelectric properties of SnSe/CF03 measured along parallel (∥ solid
symbol) and perpendicular (⊥ open symbol) to the SPS pressure direction: (a) Seebeck
coefficient; (b) electrical conductivity; (c) thermal conductivity; (d) ZT.
Figure S 4.2. Temperature dependence of (a) the specific heat capacity (Cp) and (b) the
thermal diffusivity (D) of SnSe and SnSe/CF samples.
Figure S 4.3 Carrier density and carrier mobility as functions of the CF content at 330 K.

Chapter 5
Figure 5.1 Thermoelectric performance in p-type BST/B composite materials. a,
Temperature dependence of Figure merit of ZT for pristine Bi0.5Sb1.5Te3 ingots (P-BST)
and BST/B composites with various levels of boron-incorporating at up to 0.6 wt%
(BST/B-0.6) along with some reported literature values. b, The calculated thermoelectric
Device ZT and conversion efficiency (575 K hot-side temperature (Th) and 300 K coldside temperature (Tc)). Data are shown for P-BST, BST/B-0.3, BST/B-0.4, BST/B-0.6
(This work) and for various materials reported in the literature (Te-BST-TS 30, Te-BSTMS27, ZnTe-BST-MS
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, BST-BM23. Data measured perpendicular to the pressing

direction. The measurement uncertainty of experimental ZT values is 15% (error bar).
The conversion efficiencies and thermoelectric device ZT were calculated from
individual transport properties by considering self-compatibility according to the method
described in ref

31

. The blue curve in (a) shows the experimental results verified by

Tsinghua University (THU).
Figure 5.2 Thermoelectric properties as a function of temperature for P-BST and BST
incorporated with various levels of boron up to 0.6wt% (BST/B-0.6). a, Electrical
conductivity. b, Seebeck coefficient. c, Power factor. d, Total thermal conductivity.
Measurements were made perpendicular to the SPS pressing direction. The uncertainty
of the Seebeck coefficient and electrical conductivity measurements is 5%, and is about
10% for the power factor.
Figure 5.3. Low thermal conductivity of P-BSTand BST/B samples. a, Temperature
dependence of the κtot-κe term. b, Temperature dependence of lattice thermal conductivity,
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κL. Dotted line with symbol and solid line represent the experimental and calculated data,
respectively. The calculated κL was based on the Callaway model and by considering
different phonon scattering mechanisms for P-BST and BST/B-0.6 samples.c,
Temperature dependence of bipolar thermal conductivity, κbipolar. d, Frequency-dependent
lattice thermal conductivity of BST/B-0.6 sample. The lowest κL in BST/B-0.6 materials
can be explained by the all-scale length phonon scattering from point defects (PD),
nanostructures (Nano), dislocations (DS) and grain boundaries (B).
Figure 5.4. a, Bright field (BF) image image showing a high density of dislocation
networks. b, BF image showing the high density of nanoscale precipitates in the matrix
(circled and labelled c). c, HAADF image of nanoscale precipitates circled in (b) showing
the coherent interfaces. d, Bright field image of amorphous boron (boxed region labelled
e) in the matrix. e, Detail of boxed region in (d) showing an absence of diffraction contrast
and oblique interfaces with the matrix. f, HRTEM detail of the boxed region in (e)
showing the interfaces between boron (top) and the matrix.
Figure 5.5 Elemental analysis of BST/B-0.6 sample. a-b, Comparison of EDS between
the precipitates and matrix. The result shows the composition fluctuation between
nanoscale precipitates and matrix. c-d, B K EELS edge taken from the boxed region in c.
Figure S 5.1. Thermoelectric properties of P-BST and BST/B samples in parallel to the
SPS pressing direction. Temperature dependence of: (a) Electrical conductivity (σ). (b)
Seebeck coefficient (S). (c) Power factor (PF). (d) Total thermal conductivity (κtot). (e)
κtot-κe. (f) Figure merit of ZT.
Figure S 5.2. Compasion of thermoelctric properties of BST/B-0.6 samples by using
different measuring systems. Temperature dependence of (a) Seebeck Coefficient (S); (b)
electrical conductivity (σ); (c) Power factor (PF); (d) thermal diffusivity(D); (e) thermal
conductivity; (f) ZT. The themoelectric properties measured by ZEM3 and Netzch
LFA457 was performed at Tsinghua University. The data meaused by LSR3, RZ2001i
and LFA467 was conducted at our laboratory at University of Wollongong.
Figure S 5.3. Reproducibility of thermoelectric properties of ingots and BST/B samples
after several batches. a-e, thermoelectric properties of BST/B-0.4 sample. f-i,
thermoelectric properties of BST/B-0.6 sample. Temperature dependence of the electric
conductivity σ (a, f), the Seebeck coefficient S (b, g), the power factor PF (c, h), the
thermal conductivity κ (d, i) and ZT (e, j). All sample are measured perpendicular to the
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SPS pressing direction following heating and cooling cycles.
Figure S 5.4. Thermal diffusivity (D) of BST/B samples cross-checked by using the
instrument Netzsch LFA-467 and Linseis LFA 1000. The data were measured parallel to
the SPS pressing direction following heating and cooling cycles for (a) BST/B-0, (b)
BST/B-0.3, (c) BST/B-0.4, (d) BST/B-0.6.
Figure S 5.5.The electronic transport properties of BST/B samples.The temperature
dependence of (a) electrical conductivity;(b) The carrier mobility for BST/B sample; (c)
the carrier concentration; (d) Hall concentration dependence of Seebeck coefficient
(Pisarenko plot) at 300 K. Data measured in perpendicular to the pressing direction.
Figure S 5.6. Comparison of the temperature dependence of (a) electrical conductivity;
(b) Seebeck coefficient; (c) Power factor; (d) real lattice thermal conductivity (e)
between our sample and other reported BST samples. Data in extracted from literature
and this work are indicated by real lines and symbols, respectively. Dot line in (d) is
theoretical minimum lattice thermal conductivity calculated by calculated by the Cahill’s
model.
Figure S 5.7. High density dislocation arrays and dislocation tangles observed in the
BST/B-0.6 materials. a-d, TEM BF (bright field) imaging of dislocation arrays. e,f STEM
BF images of dislocation tangles at triple points in BST/B-0.6 matrix, bright vertical lines
are thickness variations due to curtaining occurring during FIB specimen preparation.
Figure S 5.8. TEM images showing the amorphous boron and EDS analysis. a,
amorphous boron in the matrix.(b, c), interfaces between boron and matrix boxed region
in a. (d ,e) EDS mapping.
Figure S 5.9. TEM images showing nanoscale precipitates observed in the BST/B-0.6
matrix. (a, b) TEM BF images showing a high density of nanoscale precipitates observed
in the BST/B-0.6 matrix. (c-i) STEM images showing the nanoscale precipitates and EDS
analysis; c) BF image showing the nano precipitates, d) HADDF image. e, f, g) Enlarged
image of boxed region in d showing the coherent interface between matrix and precipitate,
h, i) EDS analysis of matrix and precipitates.
Figure S 5.10. Strain modulation observed in BST/B-0.6 sample. a) BF image, b) BF
image detail of j, c) HADDF and j) BF image showing the atomic structure with lattice
strain.
20

Figure S 5.11. (a) Powder XRD patterns. The main diffraction peaks of boron doped
samples are consistent with the pattern of BST ingots. (b) XRD Rietveld refinement. (c)
strains (left) and lattice thermal conductivity (L) as the function of B contents.
Figure S 5.12. Microstructures of BST sample without boron. a, TEM image showing the
BST lattice. b, Enlarged TEM image of the boxed region in a. c, Electron diffraction
pattern along the [100] zone axis. d, Enlarged TEM image of the boxed region in b. e,
Enlarged TEM image showing the crystal lattice parameter. f, atomic model showing the
BST crystal structure.
Figure S 5.13. Specific heat capacity for P-BST and BST/B samples. The dash line is
calculated by Dulong-Petit law.

Chapter 6
Figure 6.1.Thermoelectric performance of p-type BST materials showing: a)
Temperature dependence of ZT of BST/CF composite materials. The measurement
uncertainty of experimental ZT values is 10%.b) Comparison of performance (ZT) of
materials from this study with various comparable studies reported in the literature. The
high-thermoelectric performance of BST/CF samples has been verified by an independent
group (laboratory at Tsinghua University); c) Device ZT, average ZT and conversion
efficiency (500K hot side – 300K cold side) of BST/CF materials (this work) versus
various state-of-the-art materials reported in the literature; The reference data is from
Bi0.46Sb1.54Te3 alloyed with ZnTe by melting spinning (BST/ZnTe(MS+SPS))29,
Bi0.5Sb1.5Te3 by ball milling (BST-BM)22, Bi0.5Sb1.5Te3+x by melting spinning (Te-BST
(MS+SPS))23 .The ZT data in this Figure measured along the in-plane direction
(perpendicular to SPS pressing direction).
Figure 6.2. Cooling performance measurement. (a) Schematic of the experimental setup
for cooling measurement. BST/CF unicouple is made of our p-type BST/CF04 composite
materials and commercial n-type bismuth telluride-based material, and REF unicouple is
made of commercial p-type and n-type bismuth telluride materials; (b) Comparison of
electrical current dependence of cooling ∆Tc (temperature drop from initial temperature)
between

BST/CF unicouple and

REF unicouple. (c) Comparison of hot-side Th

dependent cooling ΔTc comparing BST/CF unicouple and REF unicouple.
Figure 6.3. Temperature dependence of the thermoelectric properties of carbon
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microfiber incorporated BST materials showing: (a) Electrical conductivity, (b) Seebeck
coefficient, (c) power factor, (d) total thermal conductivity. The inset in a) shows the
direction in which the transport properties were measured.
Figure 6.4. The partial thermal conductivity contributions for BST ingot and BST/CF
samples, showing the temperature dependence of: (a) the sum of the lattice and the bipolar
thermal conductivity; (b) the lattice thermal conductivity (extrapolated values) and (c) the
bipolar thermal conductivity (calculated by two band model). The black dashed line and
the cyan dashed line in (b) are the calculated L based on the Debye-Callaway model.
Figure 6.5. Thermoelectric properties of BST/CF samples at 300 K: (a) Carrier
concentration (p) and carrier mobility (µH) of samples as a function of the CF content; (b
Lattice thermal conductivity (L) at 300 K with varying amounts of CF contents. The
thermal conductivities are predicted by rule of mixture model, Hashin–Shtrikman bound
model (H-S lb and H-S ub), and Bruggeman’s asymmetric model (B-EMA) taking into
account interfacial thermal resistance between CFs and BST; (c) thermoelectric quality
factor (B) and figure of merit of ZT as a function of the CF content.
Figure 6.6. Microstructures of the SPS BST/CF05 specimen: (a) Scanning electron
microscope (SEM) `backscatter electron image showing the distribution of carbon fibers
(dark against the bright background) in the matrix. (b) Low-magnification Bright Field
(BF) STEM image showing the BST matrix (dark), carbon phase (light) and nanoprecipitates (medium grey), many of which are associated with voids; (c) High resolution
STEM BF image showing the interface between the BST matrix (left) and the very weakly
graphitic carbon fiber (right). Inset is the fast Fourier transform (FFT) of the BST matrix.
(d) High-angle annular dark-field (HAADF) image showing an Sb-rich precipitate (dark)
and the BST matrix (light). Inset is the FFT of the BST phase; (e) HAADF image showing
a nanoscale Sb-rich precipitate (medium grey) and void (dark) in a BST matrix; (f)
HAADF detail of (d) showing an interfacial region between the precipitate and the matrix,
which is oblique and irregular. Weak additional reflections from the unaligned precipitate
(in this projection) are evident in the FFT (arrowed).
Figure 6.7. (a) Schematic representation showing the possible phonon transport
mechanisms in the BST/CF samples.(b) The phonon mismatch between BST and Carbon
fibres. BST shows ultra-high phonon density of states below 5 THz, while CF has very
low phonon density of states below 5 THz; this indicates a low probability of transmission
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for phonons below 5 THz. Above 5 THz, the phonon density of states of CF are still
widely distributed, whereas that of BST is negligible, indicating transmission of highenergy phonons will be forbidden at a direct one-phonon process. The low probability of
transmission for phonons leads to the large interfacial thermal reisistance between CFBST interfaces, thereby suppressing the heat conduction in BST/CF composites.
Figure 6.8. . (a) Micro Vickers hardness and (b) fracture toughness of BST/CF samples
compared with the sample MS40 in ref

52.

The insets in a) show the microscopic

appearance of indentation of pure BST (left) and BST/CF composite.
Figure S 6.1. (a) Powder X-ray diffraction (XRD) patterns of BST ingot and BST/CF
samples. (b) XRD patterns of BST/CF00 and BST/CF05 samples along both in-plane and
cross-plane directions.
Figure S 6.2. Scanning electron microscope (SEM) secondary electron images of
fractured surfaces of: (a) BST/CF00 and (b) BST/CF05 sample samples. The white arrows
in (b) indicate the carbon fibers.
Figure S 6.3. Scanning electron microscope (SEM) image of polished surface of
BST/CF05 sample. (a) and (b) Secondary Electron image (SEI) , (c) Back Scattered
Electron (BSE) image.
Figure S 6.4. Time dependent cooling performance of BST/CF at room temperature and
various working currents. Comparison of time dependence of hot-side Th and cold Tc
between BST/CF and REF unicouple under the electrical current of (a) I=3.5 A; (b) I=4
A; (c) I=4.5 A at room temperature.
Figure S 6.5.Time dependent cooling performance of BST/CF at various hot-side
temperatures (Th) and working electrical current (A).Comparison of time dependence of
hot-side Th and cold Tc between BST/CF and REF unicouple under various working
condition, (a) Th=327 K and I=3.5 A; (b) Th=327 K and I=4.5 A; (c) Th=350 K and
I=3.5 A; (d) Th=350 K and I=4.5 A; (d) Th=373 K and I=3.5 A; (d) Th=373 K and
I=4.5 A.
Figure S 6.6. Temperature dependence of (a) the Hall carrier concentration and (b) Hall
mobility in-plane directions for 10-340 K. The insets show the in-plane directions.
Figure S 6.7. Seebeck coefficient as a function of the carrier concentration measured in
the in-plane direction.
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Figure S 6.8. The similar work function between CF and BST matrix. (a) Ultraviolet
Photoelectron Spectroscopy (UPS) of the Bi0.5 Sb1.5Te3 matrix. The insets shows the cutoff energy and Fermi energy of UPS spectrum. The work function (W) can be calculated
according to the formula W = hcut-off -Efermi. (b) Schematic of the band structure near
the interface between the CF and the Bi0.5 Sb1.5Te3 matrix.
Figure S 6.9. Scanning transmission electron microscope-energy dispersive spectroscopy
(STEM EDS) mapping characterization of BST/CF05 shown in Figure 6.3: a) High-angle
annular dark field (HAADF) image. The large carbon fiber particles appear dark in this
atomic number contrast imaging mode; EDS maps of:b) Te L, c) C K, d) Bi L, e) Sb L.
Figure S 6.10. a) HAADF image of an Sb-rich inclusion; STEM X-ray maps of showing
the inclusion to be Sb b) Sb L, c) Te L and d) Bi L.
Figure S 6.11. Thermoelectric performance of BST ingot and BST/CF samples along the
cross-plane direction (measured perpendicular to the pressing direction). Temperature
dependence of (a) the electrical conductivity, (b) the Seebeck coefficient, (c) Power the
power factor, (d) the total thermal conductivity.
Figure S 6.12. Temperature dependence of ZT of BST ingot and BST/CF samples along
the cross-plane direction (perpendicular to the pressing direction).
Figure S 6.13. The sum of lattice and bipolar thermal conductivity for BST ingot and
BST/CF samples in cross-plane direction.
Figure S 6.14. Temperature dependence of (a) the Hall carrier concentration and (b) Hall
mobility in-plane directions for 10-340 K. The insets show the cross-plane directions.
Figure S 6.15. Thermoelectric properties of BST/CF samples measured in the cross-plane
direction at 300 K as a function of CF content: (a) Carrier concentration (p) and carrier
mobility (µH); (b) Lattice thermal conductivity; (c) thermoelectric quality factor (B) and
figure merit of ZT.
Figure S 6.16. Seebeck coefficient as a function of the carrier concentration in the crossplane direction.
Figure S 6.17. Temperature dependence of (a) the specific heat capacity. The Cp for
reference BST ingot is 0.183 J.g-1.K-1 and Cp of BST/CF00-06 are 187~0.195 J.g-1.K-1 at
300 K, which is close to the value calculated by calculated value (Cp=0.186 J.g-1.K-1) by
Dulong-Petit Laws.
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Figure S 6.18 Temperature dependence of thermal expansion for p-type BST
(Bi0.5Sb1.5Te3), BST/CF sample and n-type BT (Bi2Te3) sample
Figure S 6.19. Schematic diagram of the Seebeck Coefficient and Electrical conductivity
measurement setup of (a) RZ2001i system and (b) Linseis LSR3, (c) ZEM3. The diagrams
are taken from the Ozawa Science RZ2001i, Linseis LSR3 and ZEM3 manuals.
Figure S 6.20. Reproducibility of electrical transport properties (In-plane direction) of
BST/CF samples. Temperature dependence of (a) Seebeck coefficient, (b) electrical
conductivity and (c) power factor for BST/CF05 samples. Temperature dependence of (d)
Seebeck coefficient, (e) electrical conductivity and (f) power factor for BST/CF04
samples. The ZEM3 measurement was performed at Tsinghua University. The LSR3 and
RZ2001i measurement was conducted in our laboratory at University of Wollongong.
Figure S 6.21. Comparison of electrical transport properties (In-plane direction) (Seebeck
coefficient, electrical conductivity and power factor) measured by LSR3 and RZ2001i
systems. Temperature dependence of electrical transport properties for (a) BST ingot (b)
BST/CF00, (c) BST/CF03 and (d) BST/CF06 samples.
Figure S 6.22. Reproducibility of thermal transport properties (in-plane direction) of
BST/CF samples. Temperature dependence of (a) thermal diffusivity and (b) thermal
conductivity for BST/CF05 samples, and (c) thermal diffusivity and (d) thermal
conductivity for BST ingot samples. Data measured by Linseis LFA1000 and Netzsch
LFA467 is from our laboratory, and data measured by Netzsch LFA 457 is from Tsinghua
University.
Figure S 6.23. Reproducibility of ZT (in-plane direction) of BST/CF05 samples. The
ZT was independently confirmed by Tsinghua University.
Figure S 6.24. Reproducibility of thermal transport properties (Cross-plane direction) of
BST/CF05 samples. Temperature dependence of (a) thermal diffusivity, (b) thermal
conductivity.
Figure S 6.25. Reproducibility of thermoelectric properties (Cross-plane direction) of
BST/CF05 samples. Temperature dependence of (a) Seebeck coefficient, (b) electrical
conductivity, (c) power factor; (d) thermal conductivity; (e) ZT.
Figure S 6.26. The thermoelectric compatibility
Figure S 6.27. Temperature dependence of electrical conductivity of pure carbon fibers.
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Figure S 6.28. Electrical conductivity of BST/CF samples at 300 K with varying amounts
of CF contents. The blue circle symbol represents the experimental data. The red line
shows the predication of electrical conductivity by Rule of Mixture model, indicating that
the electrical conductivity is insensitive to small additions of CF content.

Chapter 7
Figure 7.1. (a) X-ray diffraction (XRD) patterns of polycrystalline BTS and BTS/CF
(CF:0.3~0.8 wt%) samples. The spacings shown are for crystalline BTS and no diffraction
features due to the small amount of CFs were observed. (b) the degree of prefereed
orientation preference (00l) of each sample as calculated by Lotgering method, indicating
that the incorporation of CFs can affect the anisotropy of BTS.
Figure 7.2. (a-b), Fracture surface of BTS, showing a coarse grained faceted surface; (cd) Fracture surface of BTS/CF showing grain refinement and exposed carbon fibres (dark)
which are arrowed.
Figure 7.3. STEM images of the BTS/CF05 specimen. (a) Low magnification bright-field
(BF) image showing the BTS matrix (dark) and carbon phase (light, yellow circles). (b)
Medium-magnification BF image of boxed region B in (a) showing the nanoscale carbon
located at the grain boundaries. (c) A series of high-angle annular dark-field (HAADF)
images showing nanoprecipitates (red ellipses) nucleated at the carbon particles. (d)
Atomic-resolution BF image of boxed region in (a) showing the interface between carbon
and BTS. Inset is the diffractogram of the BTS phase showing a [5-51] zone axis. (e)
HAADF image of the boxed region in (b), showing the interface between carbon (dark,
upper left) and Bi2O3 (light, lower right), with the inset diffractogram pattern of Bi2O3.
(f) High resolution HAADF image showing details of a nanoprecipitate in the boxed
region in (b). The inset BF image shows a detail of the interface between the BTS matrix
and the Bi2O3 precipitate.
Figure 7.4. The electrical transport properties of the BTS and BTS/CF samples.
Temperature-dependence of (a) the Seebeck coefficient; (b) the electrical conductivity;
and (c) the power factor. (d)The carrier concentration (p) and carrier mobility (µH) of the
samples as a function of the CF content at 300 K.
Figure 7.5. (a) UPS spectrum of the BTS matrix. (b) UPS spectrum of carbon fibers. The
insets are details of the circled regions on the spectra, showing the cut-off Ecut-off and
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Fermi edge EFermi of the UPS spectrum. (c) The schematic diagram of the band alignment
of the interface between the BTS matrix and the carbon fibers. The terms WCF, EFCF, WM
and EFM are work function and Fermi energy for carbon fibers and BTS matrix, and Evac,
Ec , Ev and Eg are vacuum energy, conduction band minimum, valence band maximum
and band gap of BTS.
Figure 7.6. The thermal transport of the BTS and BTS/CF samples. Temperature
dependence of (a) the total thermal conductivity (κ);(b) the electron thermal conductivity
(κe);(c) the sum of the lattice and the bipolar thermal conductivity (κL+ κb); (d) the lattice
thermal conductivity(κL); (e) the bipolar thermal conductivity(κb); (f) the lattice thermal
conductivity (κL) with respect to the CF content. The solid line represents the predicted
values based on Maxwell-Garnett rule for mixtures.
Figure 7.7. Thermoelectric performance of BTS and BTS/CF materials. (a) Temperature
dependence of ZT. (b) ZT prediction with varying weighted mobility ratio of major and
minor carriers, carrier density and lattice thermal conductivity based on the effective mass
model. (c) Comparison of performance (ZT) of materials from this study with various
comparable studies reported in the literature.; (d) The calculated average ZT and
conversion efficiency (300~550K) of BTS/CF materials (this work) versus various stateof-art materials reported in the literature[9, 10, 26, 30，41, 42].
Figure 7.8. Compressive test results for BTS and BTS/CF materials. (a) Compressive
stress-strain curves along in-plane and cross-plane directions. (b) Maximum compressive
strengths of BTS and BTS/CF materials. The uncertainty of maximum compressive
strengths is 10%..
Figure S 7.1 Backscattered electron (BSE) images and x-ray energy dispersive
spectroscopy (EDS) mapping of polished surfaces of BTS and BTS/CF samples. (a) BSE
of BTS sample; (b) BSE of BTS/CF05 sample; (c)BSE/CF08 sample;(d) EDS mapping
for BTS/CF05 in (b)
Figure S 7.2 Scanning transmission electron microscopy – energy dispersive
spectroscopy (STEM-EDS) mapping characterization of a BTS-CF interface: a) Highangle annular dark field (HAADF) image. The large carbon fiber particles appear dark in
this atomic number contrast imaging mode; EDS maps of: b) C K, c) O K, d) Se L, e) Te
L, f) Bi f.
Figure S 7.3. Scanning transmission electron microscopy – energy dispersive
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spectroscopy (STEM-EDS) mapping characterization of a BTS/CF05: a) High-angle
annular dark field (HAADF) image of fine scale carbon particles in a BTS matrix. The
carbon fiber particles appear dark in this atomic number contrast imaging mode; The EDS
maps of: b) C K, c) O K, d) Te L, e) Bi L, f) Se L.
Figure S 7.4. Scanning transmission electron microscope – energy dispersive
spectroscopy (STEM-EDS) mapping characterization of a Bi2O3 precipitate in a BTS
matrix: a) High-angle annular dark field (HAADF) image showing the nanoprecipitate.
EDS maps of: b) C K, c) O K, d) Se L, e) Te L, f) Bi L.
Figure S 7.5 Scanning transmission electron microscopy-electron energy loss spectrum
(EELS) characterization of BTS/CF05. a) High-angle annular dark field (HAADF) image;
b) C K EELS spectrum of spot 1 and spot 2 marked in a). This confirms that the dark
features in a) are carbon particles rather than voids.
Figure S 7.6. Temperature dependence of (a) the Hall carrier concentration and (b) the
Hall mobility along in-plane directions from 10-340 K for various additions of CF
Figure S 7.7. Phonon density of states (DOS) mismatch between carbon and BTS. The
data of phonon DOS of BTS is adopted from Ref.[46]
Figure S 7.8. Vickers hardness of pristine BTS and BTS/CF05 composite samples. The
micro-Vickers hardness test was measured at multiple points and then the average value
was obtained.
Figure S 7.9. Linear thermal expansion of BTS and BTS/CF05 composite samples. The
mean coefficient of thermal expansion of BTS/CF05 sample is 15.8110-6 K-1, which is
a little smaller than that of pristine BTS sample (16.27910-6 K-1).
Figure S 7.10. Anisotropic thermoelectric performance in different direction.
Temperature dependence of a) the Seebeck coefficient; b) electrical conductivity; c)
thermal conductivity; d) ZT of the BTS and BTS/CF05 samples along in-plane and crossplane directions.
Figure S 7.11. Temperature dependence of the specific heat capacity. The Cp values for
all samples are very close to the calculated values from the Dulong-Petit laws. In this
work, we set the Cp value as the constant 0.162 J-1·g-1·K-1 to calculate the thermal
conductivity.
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List of Abbreviations
Abbreviation

Full name

TE

Thermoelectric

ZT

Materials’ dimensionless figure of merit

ZTave

Materials’ average ZT

ZTdev

Device ZT

cm

Centimeter

mm

Millimeter

m

Micrometer

nm

Nanometer

S

Seebeck coefficient



Electrical conductivity



Thermal conductivity

TEG

Thermoelectric power generation

TEC

Thermoelectric cooling

T

Temperature

TEG

Energy conversion efficiency of TEG

COM

Coefficient of performance

n

Carrier concentration



Carrier mobility

e

Charge element

RH

Hall coefficient



Electrical resistance

Eg

Band gap

D

Thermal diffusivity coefficient
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Cp

Specific heat capacity

d

Density

PF

Power factor

DOS

Density of states

md *

Effective mass of DOS

mb *

Effective mass of single valley band

mi *

Inertial effective mass

m0

Free electron mass

Edef

Deformation potential

CB

Conduction band

VB

Valance Band

D

Debye temperature

wt%

Weight percent

vol%

Volume percent

Th

Hot side temperature

Tc

Cool side temperature

T

Temperature difference or gradient

L

Lorenz number

L

Lattice or phonon thermal conductivity

e

Electron thermal conductivity

bi

Bipolar thermal conductivity

BST

Bismuth antimony telluride alloy

BTS

Bismuth telluride selenide alloy

EF

Fermi energy



Reduced Fermi energy
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Wavelength

XRD

X-ray Diffraction

DSC

Differential scanning calorimetry

SEM

Scanning electron microscopy

FESEM

Field Emission Scanning Electronic Microscopy

TEM

Transmission electron microscopy

FIB

Focused ion beam

HRTEM

High-resolution TEM

XPS

X-ray photoelectron spectroscopy

EDS

Energy dispersive X-ray spectroscopy

EELS

Electron energy loss spectroscopy

STEM

Scanning Transmission Electronic Microscopy

FFT

Fast Fourier transform

IFFT

Inversed fast Fourier transform

BM

Ball milling

MS

Melting Spinning

SPS

Spark plasma sintering

HP

Hot pressing

ZM

Zone melting

Te-MS

Te-rich melting spinning

PPMS

Physical Property Measurement System

MFP

The mean free path

m.CTE

Mean coefficient of thermal expansion
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Chapter 1: Introduction
1.1 Introduction to thermoelectricity
Thermoelectricity is a new energy conversion technology that enable the direct
conversion between thermal energy and electrical energy. Thermoelectric is a general term
for a number of effects, including the Seebeck effect, the Peltier effect, and the Thomason
effect. Thermoelectric phenomena were firstly observed in the last century, and it has
received more and more attention in the past few decades, and many materials exhibiting
thermoelectric characterization have been developed as thermoelectric convertors.
Thermoelectric materials have two important applications: one is solid-state cooling driven
by electrical power, and the other is power generation from a temperature gradient. With
the increasing energy consumption and environmental issues, there is an urgent need for
sustainable and green power-generation solutions. It is well known that heat is ubiquitous,
whereas electricity is versatile, but its production is demanding[1]. Thus, thermoelectric
power generation is of great importance and has attracted the intensified interests towards
a simple and environmentally friendly solution for generating power from the waste heat.
According to the statistics, more than two-thirds of the energy utilized worldwide-utilized
energy is produced by burning fossil fuels or from nuclear fission power plants is lost in
the form of waste heat released to the atmosphere[2]. As shown in Figure 1.1, harvesting
the largely untapped waste heat by using thermoelectric power generation will increase the
energy utilization efficiency and reduce the fossil fuel consumption, which will come with
great economic and environmental benefits. Moreover, thermoelectric solid refrigeration
is an environmentally green method for cooling products due to its distinct advantages,
such as no working fluid, no moving parts, silence, simplicity, and reliability. Therefore,
thermoelectric materials offer an environmentally-friendly renewable solution to replace
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conventional power generators or cooling devices.

Figure 1.1. Energy statistics: Thermoelectric generators can be used to recover the waste
heat[2].
1.1.1 Thermoelectric Phenomena
The thermoelectric effect can be described as the direct conversion between thermal
energy and electric power. Thermoelectric phenomena mainly includes the Seebeck, Peltier
effect, and Thomason effect, all of which are thermodynamically reversible[3].
In 1821, German scientist Thomas Johann Seebeck reported that the magnetic
polarization of metals and ores could be driven by a temperature difference between the
junctions of two different metals. This effect is called the Seebeck effect. The Seebeck effect
is illustrated in Figure 1.2a, where thermocouples consisting of n- and p-type semiconductor
materials are connected electrically in series and thermally in parallel. When there is a
temperature difference or a heat flow applied between the two sides of thermoelectric materials,
the holes/electrons will be transported from the hot side to the cold side, driven by the
temperature difference, leading to the generation of an electrical voltage. The voltage appearing
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across the bottom of the thermoelectric element can drive an electric current if the circuit is
closed. The Seebeck coefficient is defined as the thermovoltage per unit temperature, which
can be express by Equation 1.1:
S ab  S a  Sb  lim

T  0

Vab
T

1.1

Where Sab is the relative Seebeck coefficient between materials a and b, Sa and Sb are the
absolute Seebeck coefficients of materials a and b, respectively, Vab is the Seebeck voltage,
and ΔT is the temperature gradient across the thermoelectric devices. Based on the Seebeck
effect, thermoelectric materials can be used for power generation where there is a heat source
or temperature difference, and they also can be applied to in thermocouples to measure
temperature differences.
The inverse effect to the Seebeck effect is called the Peltier effect, which was firstly
discovered by French physicist J. Peltier in 1834. The Peltier effect specifies that an external
currents can result in generating a temperature difference between two junctions of dissimilar
materials. As shown in Figure 1.2 b, if applying an external electrical current is directed into
the p-n thermocouples, electrons and holes will be forced to move from one junction to the
other junction. The junction from which electrons and holes are transported will grow cold
because of the energy transfer of carriers. On the opposite junction, the electrons and holes will
recombine and release energy and heat. Due to the difference in the Fermi energies of the two
materials[4], carriers needs to exchange energy in the form of heat to overcome the energy
difference between the two materials. The Peltier heat flux generated at the thermocouple per
unit time is defined as:
dQ
  ab I  ( A   B )I
dt

1.2

Where Q is the Peltier heat, Π represents the Peltier coefficients of the materials A and
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B, respectively, and I is the electric current.The direction of heat flux depends on the direction
of current flow. The Peltier coefficients are related to the Seebeck coefficients, with the
relationship defined as:
  S T

1.3

Obviously, heat can be absorbed or released by applying a voltage across the
thermoelectric materials [5]. Based on the Peltier effect, thermoelectric materials can be used as
heat pumps and cooling units.

Figure 1.2. Schematic diagrams of (a) the Seebeck effect for power generation mode, (b) the
Peltier effect for refrigeration mode, and (c) the Thomson effect for reversible cooling or
heating.[6]
The Thomson effect can be considered as the combination of the Seebeck and Peltier
effects, which was predicted by W. Thomson in 1855. If an electric current and a temperature
gradient are applied in a homogeneous conductor, the reversible cooling or heating will be
generated, as shown in Figure 1.2c. The additional heat is Thomson heat, which can be defined
by Equation 1.4 [7, 8]

Q   I T

1.4

Where τ, I and ΔT are the Thomson coefficient (unit is V/K), the applied current and
temperature difference, respectively. The Thomson coefficient is related to the Seebeck
coefficient, as shown in Equation 1.5[8].
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 T

dS
dT

1.5

The Thomson effect is very weak compared with Seebeck and Peltier effects during the
thermoelectric process, so we can ignore it in the energy conversion analysis and thermoelectric
device design. The Thomson heat can become significant, however, if the temperature
difference existing in thermocouples is too large [9].
1.1.2 Thermoelectric Figure of Merit
The conversion efficiency of thermoelectric devices is mainly determined by the
thermoelectric performance of materials. Generally, a large Seebeck voltage and low electrical
resistance will minimize Joule heating, and low thermal conductivity will minimize heat loss
and retain a suitable temperature gradient. Therefore, a dimensionless figure-of-merit, ZT, is
developed to describe materials’ thermoelectric quality. ZT is expressed by the Equation 1.6
ZT 

S 2 T



1.6

Where S is the Seebeck coefficient,  is the electrical conductivity, and  is the thermal
conductivity, and T is the absolute temperature. The product of the electrical conductivity and
the square of the Seebeck coefficient is called the power factor, as shown in following
formula:
PF  S 2

1.7

The thermal conductivity is composed of the lattice thermal conductivity and the
electronic thermal conductivity, as shown in following formula:
   L  e

1.8

As shown in the definition of the ZT, to obtain high thermoelectric performance, a large
power factor and low thermal conductivity should be secured.
1.1.3 Thermoelectric Devices and the Efficiency
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Thermoelectric devices are fabricated from thermoelectric modules. The most common
design of a thermoelectric module is described in Figure 1.3. The thermoelectric modules are
composed of p-n thermocouples connected electrically in series but thermally in parallel.
Thermoelectric modules are commercially available, and they can be manufactured in various
dimensions.
Generally, the temperature gradient results in a Seebeck voltage (SD) for the device,
arising from the Seebeck coefficients of the n-p elements, which can be expressed by the
following formula:
SD  n

Th

Tc

s

p

 sn dT

1.9

Where n is the number of couples, and sp and sn is the Seebeck coefficients of the p and
n type elements.

Figure 1.3 Thermoelectric modules showing the direction of charge flow in both cooling and
power generation. Thermoelectric modules are composed of suitable pairs of n and p-type
materials, forming unicouples[10].
The total electrical resistance of the whole thermoelectric module not only includes the
electrical resistance of the thermoelectric elements, but also the electrical resistance of the
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metal interconnects, and the contact resistance between the interconnects and the
thermoelectric elements. The total device electrical resistance, RD, is given as:
n An

RD  n(

l

+

 p Ap
l

 Rc )

1.10

Where n and p are the intrinsic electrical resistivity of the n and p materials, and Rc
represents the contact resistance and the interconnect resistance per couple, and l and A are the
height and cross-sectional area of the thermoelectric element. It should be noted that the
resistance is temperature dependent.
The thermal conductance (KD) of thermoelectric module can be calculated as:
K D  n(

 n An
l

+

 p Ap
l

 Kc )

1.11

Where n and p are the intrinsic thermal conductivity for the n and p elements, and Kc
represented the thermal loss per couples such as from thermal contact, thermal conductance,
radiation, or other losses.
In the power generation model, the heat energy (Qh) absorbed from the heat source can
be obtained by the Equation 1.12:
Qh  S D ITh  K (Th  Tc ) - I 2 RD / 2

1.12

The output electrical power (Po) for a load can be expressed by the Equation 1.13
P0  IS D Th  Tc   IRD

1.13

The conversion efficiency of a thermoelectric generator, which is defined as the ratio
between the output electrical power (P0) at the load and the absorbed heat energy (Qh) on the
hot side, is expressed by Equation 1.14:

TEG 

P0
Qh

This equation can be rearranged and written as[11, 12]

40

1.14

TEG 

1  ZTave  1
T
1  ZTave  c
Th

Th  Tc
Th

1.15

Where ZTave is the material average figure of merit. The thermoelectric device figure of
merit, between the hot and cold sides and is defined as[13]
ZTdev 

S D2
RD K D

1.16

The device ZTdev also include parasitic electrical contact resistance and thermal contact
resistance[13].
Under certain approximations, the device ZTdev (ignoring the interconnect and contact
electrical resistance, and thermal loss) is equal to the material figure of merit ZTave[14].
In the refrigeration mode, the cooling power (Qc) can be expressed by Equation 1.17
1
Qc  S DTc I  K D Th  Tc   RD I 2
2

1.17

The input power (Wn) can be given by Equation 1.18
Wn  S D I Th  Tc   I 2 RD

1.18

The efficiency of a thermoelectric cooler can be characterized by the coefficient of
performance (COP), which is defined as the ratio between the cooling power and the input
electrical power:

Q
COP  c 
Wn

1
S DTc I  K D Th  Tc   RD I 2
2
S D I Th  Tc   I 2 RD

1.19

Equation 1.19 can be reduced to the following Equation 1.20:

Tc
COP 
Th  Tc
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1  ZTave 

Th
Tc

1  ZTave  1

1.20

As shown in above equation, the efficiency of both thermoelectric coolers and generators
depend on the device figure-of-merit, ZTdev. To improve the conversion efficiency of
thermoelectric devices, first and foremost, one can develop thermoelectric materials with a high
figure-of merit (ZT). The device should also have good electrical and thermal contact to reduce
the resistance and heat loss.

Figure 1.4. Heat source temperature dependence of thermoelectric power generation efficiency;
the efficiency for conventional mechanical engines as well as the Carnot limit and the CurzonAhlborn limit are also plotted for comparison; the cold-side temperature is fixed at 300 K and
the ZT values are assumed to be temperature independent. [15]
Figure 1.4 shows the heat source dependence of the conversion efficiency of
thermoelectric generators with different ZT values. Remarkably, the ZT mainly determine the
conversion efficiency. However, compared with other conventional energy conversion
technologies, thermoelectric power generators have very low efficiency, due to the low ZTs of
materials. Thus, developing high-performance materials is very important for the widespread
application of thermoelectric technologies. If the ZT of thermoelectric materials can continue
to improve in the foreseeable future, it will be a game-changer for the renewable energy.
1.2 Thermoelectric Applications
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Thermoelectric energy harvesting is capable of generating useful electricity from heat
sources that are normally unused in the surrounding environment. This provides a green and
sustainable solution for the global energy crisis. Thermoelectric cooler are all-solid-state heat
pumps that can move heat from one side to the other. Consequently, they can be used for
heating and cooling. In particular, thermoelectric devices can realize the precise temperature
control, which is very promising in many applications. Despite their low conversion efficiency,
thermoelectric methods still have widespread applications covering a wide spectrum of product
areas because they have many advantages that other energy conversion technologies do not
have. These advantages include:
 No Moving Parts. Thermoelectric modules are all-solid-state without any moving parts
so the maintenance cost is very low.
 Quiet and No Greenhouse Gases. Electrons are the working fluid for thermoelectric
modules, so they are quiet and do not require any greenhouse gases.
 Small Size and Weight: Thermoelectric modules can be designed to be very small,
which makes them highly suitable for miniature electronic devices.
 High Reliability: Thermoelectric modules can work with any size of temperature
gradient, and they have long life.
 Precise Temperature Control: Thermoelectric coolers can control the temperature to
better than +/- 0.1°C[16].

1.2.1 The Application of Thermoelectric Power Generation
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Figure 1.5. Examples of thermoelectric generators (TEGs) and their application. (a)
Thermoelectric generators with a radioisotope heat source are used to the provide power supply
for the Apollo Lunar Surface Experiments Package. (image adapted from Ref.[6]). (b) A
schematic model of an advanced radioisotope thermoelectric generator (image adapted from
ref.[6]). (c) Automotive application of thermoelectric generators. (d) A schematic model of
thermoelectric generators applied in automobiles for harvesting waste gas heat (figure adapted
from Ref.[17]).
Thermoelectric power generation has become the subject of many recent investigations
and has a widely potential application in the military, medical, industrial, consumer, and
aerospace. Figure 1.5 gives several examples to introduce the application of thermoelectric
generators. Thermoelectric generators, as a promising energy harvesting method, have great
advantages in military and space exploration applications because thermoelectric power
generation is very reliable compared with the solar cells. Figure 1.5a shows that the
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radioisotope thermoelectric devices composed of PbTe, and Te/Sb/Ge/Ag (TAGS), and
PbSnTe that powered the Apollo Lunar Surface Experiments Package (ALSEP) operated by
Apollo 12 astronaut Al Bean in 1969[18]. Figure 1.5b illustrates such a radioisotope
thermoelectric devices. In particular, thermoelectric generators with a radioisotope heat source
have been successfully applied as a space power supply in the Mars Rover, Curiosity, the
Galileo satellites, New Horizons space probes, and Cassini spacecraft[19], which benefited from
their reliable electrical power supply.

Figure 1.6 Examples of wearable thermoelectric generators for harvesting energy from body
heat. (a) Thermoelectric wristwatch powered by using body heat (image adapted from Ref. [20]).
(b) A self-powered wearable electrocardiography (ECG) system powered by using body heat
(image adapted from Ref.[21]). (c) Flexible thermoelectric generators embedded in clothes that
can capture body heat. (d) Thermoelectric boots that can charge a mobile phone (figure adapted
from Ref[6]).
In addition, thermoelectric generators can harvest a wide range of heat sources and
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convert them into electric power, such as industrial and automobile exhaust waste heat, solar
thermal energy, and even environmental low-grade temperature differences[22]. It has been
reported that only 25% of total energy produced by burning gasoline is used to actually drive
the wheels in the vehicles[6], while 30% is consumed in the exhaust flow. Therefore, there is
no doubt that using thermoelectric generators to convert exhaust energy directly to electricity,
which can provide power for belt-driven accessories and air conditioning, will significantly
improve fuel economy. Figure 1.5 c and d clearly illustrate an assembled thermoelectric
generator system which was designed by the BMW Group to recover the exhaust energy[23, 24].
The testing of thermoelectric generators in BMW cars demonstrated that 5% of the waste heat
from the exhaust pipe can be harvested by thermoelectric generators or so the vehicle’s fuel
economy can be improved by about 10%[24]. However, due to the low performance of
thermoelectric materials, thermoelectric generators do not have widely applied in the
automobile industry.
Another promising area is the use of thermoelectric generators to provide power supplies
for wireless sensors, which are of interest for application in various environments, especially
where they are hard to reach[25]. The sensors only require modest power in the W–mW region,
which can be achieved by using thermoelectric generators with only a small temperature
difference[26]. In addition, the size of a thermoelectric generator can be as low as one micro,
which would be very attractive for integration of into electronic devices. In particular, flexible
thermoelectric materials are the promising candidates that can be employed to charge portable
or wearable electronics by harvesting body heat[27, 28], thanks to their high performance, high
flexibility, and high stability features[29]. There is approximately 60–180 W of total heat
dissipated from the whole human body[30]. If thermoelectric devices can capture this energy
with a 1% conversion efficiency, the generated power can reach 0.6–1.8 W, which is enough
to power many wearable sensors[20].Figure 1.6a illustrates the thermoelectric generator system
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of body-heat powered wristwatch. The Power-Watch® , as shown in Figure 1.6a, which was
designed by Matrix Industries, is entirely powered by body heat[20].Recently, developing bodyheat-powered wearable electrographic monitoring devices has received more and more
interests. Figure 1.6b illustrates a designed self-powered wearable electrocardiography (ECG)
system based on using body heat. The output power density from the wearable thermoelectric
generator is more than 38 μW/cm2 in the first 10 min and about 13 μW/cm2 even after 22
consecutive hours of driving the circuits[21]. Figure 1.6c shows a thermoelectric generator
embedded in clothes[31] that can output voltage of 11.5 mV and power of 146.9 nW by capturing
the body heat from chest[31]. The boots embedded with thermoelectric generators , fabricated
by European Telco Orange, can provide power for a mobile phone[6]. In summary, highperformance thermoelectric materials are potentially a key to enabling energy-harvesting
technology for widespread application.
1.2.2 The Application of Thermoelectric Refrigerators.
Compared with the traditional vapor compression refrigeration, thermoelectric coolers
has the unique advantages of high reliability, compact size, silent operation, relatively light
weight, capability of providing rapid heating and cooling, and ability to realize precise control
of temperature[32, 33]. Generally, thermoelectric cooling is very competitive for small-volume
cooling applications, in terms of cost and efficiency[33, 34]. Generally, thermoelectric coolers
are very suitable for applications requiring heat dissipation ranging from milli-watts up to
several thousand watts. Currently, thermoelectric cooling is mainly focused on applications
that require small cooling power[35]. Figure 1.7 shows the typical applications for
thermoelectric Peltier coolers. Many daily consumer products based on thermoelectric coolers
are designed and commercialized for civilian use, such as a portable thermoelectric
refrigerators for carrying medical supplies and for food storage (Figure 1.7a), wearable
thermoelectric coolers(Figure 1.7b) [6], and coffee dispensers and wine coolers (Figure 1.7c)[6].
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Figure 1.7. The widespread application of thermoelectric refrigeration. (a) Commercial
portable thermoelectric refrigerator. (b) Wearable thermoelectric cooling. (c) Coffee (left) and
wine cooler (right). (d) Thermoelectric cooler for experimental research. (e) Fully integrated
lab-on-chip device as a micro-total analytical system (μTAS) designed for portable and on-site
care devices. (d) Cooling blanket designed for infants. (figure adapted from Ref[6]).
The typical applications of thermoelectric coolers also include the fields of
optoelectronics, such as cooling laser diodes, infrared, X-ray and gamma-ray detectors, infrared
detectors[36], photomultiplier tubes, and freezing point ohmmeters. Thin-film based miniature
thermoelectric refrigerators can also be used in advanced computer processors, radio frequency
power devices, and DNA microarrays[6]

[37]

.In addition, since thermoelectric coolers can be

manufactured in sizes that are not possible with other cooling methods and can precisely control
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the temperature, they are definitely favorable for medical products. For example, portable
thermoelectric refrigerators are suitable for the storage of vaccines, medicines, and
experiments. Benefiting from their small size, precise temperature control and fast response
time, thermoelectric refrigerators are promising for Polymerase Chain Reaction (PCR) system
for DNA studies[38] ( Figure 1.7d). Figure 1.7e shows a fully integrated lab-on-chip device,
which is a micro-total analytical system (μTAS) designed for portable and on-site microPCR[38], which requires the precise temperature control that the thermoelectric device can
achieve. Thermoelectric cooling and heating can be applied directly to the skin, and can be
utilized to design a specialized blanket for infants[38], as shown in Figure 1.7f. In short, solidstate thermoelectric cooling offers us infinite possibilities for widespread application.
1.3 Aims and Objectives
Thermoelectric materials offer promising solutions for power generation and solid-state
refrigeration. However, current thermoelectric materials are relatively inefficient for practical
application. Thus, the key to the widespread application of thermoelectric technology is to
improve the thermoelectric performance of the materials. The aim of this PhD project is to
develop high-performance thermoelectric materials for energy conversion application by using
a composite strategy. The objectives of this project are as follows:
1. To improve the thermoelectric performance of SnSe-based materials for applications
in the medium temperature range. It has been reported that SnSe single crystals show a recordhigh ZT of 2.6 at 923 K. However, due to their poor mechanical properties and high production
costs, SnSe single crystals are very difficult to use in practical thermoelectric devices.
Therefore, it is desirable to develop polycrystalline SnSe materials with high thermoelectric
performance. In this work, we aim to improve the thermoelectric and mechanical performance
of SnSe polycrystalline by using novel composite strategies.
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2. To develop high performance Bi2Te3-based materials for low-grade power generation
and solid-refrigeration applications near the room temperature. Up to now, Bi2Te3-based
materials are the top-performing thermoelectric materials at low temperature. However, their
ZT values have remained around 1, making such materials inefficient for cooling devices and
power generators. In this work, based on the composite engineering, we aim to improve the
thermoelectric performance of Bi2Te3-based alloys by reducing thermal conductivity and
optimizing the carrier transports.
1.4 Thesis Outline
This doctoral thesis is carefully organized by the following thesis outline:
Chapter 1 presents the general background of thermoelectric materials and technology,
including basic thermoelectric effects, conversion efficiency of thermoelectric devices, and
applications of thermoelectric materials and technologies. The objectives and outlines of this
PhD research project are clarified.
Chapter 2 presents a comprehensive literature review on the basic thermoelectric
transport properties, the challenge of ZT improvement, the current strategies to improve power
factor and reduce phonon thermal conductivity, and the recent development of thermoelectric
materials. The recent research progress of SnSe-based and Bi2Te3-based thermoelectric
materials are also be reviewed.
Chapter 3 introduces the main methodologies used in this research work, including the
sample preparation, microstructure characterization, and the measurement of thermoelectric
properties.
Chapter 4 presents the enhancement of SnSe-based thermoelectric performance by
decoupling the electrical transport from thermal transport through carbon inclusions. In this
chapter, one published work is provided, with the title of “Enhancing the Thermoelectric
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Performance of Polycrystalline SnSe by Decoupling Electrical and Thermal Transport through
Carbon Fiber Incorporation (ACS Appl. Mater. Interfaces 2020, 12, 11)”. This work provides
a new method to achieve high thermoelectric and mechanical performance in polycrystalline
SnSe materials.
Chapter 5 presents the achievement of realizing ultra-high ZT in BiSbTe composite
materials by using nano-composite and defect engineering. In this chapter, one published
journal paper is included, namely “Ultra-High Thermoelectric Performance in Bulk
BiSbTe/Amorphous Boron Composites with Nano-defect Architectures (Adv. Energy
Mater.2020,10, 2000757) ”. This work reported a high ZT of 1.6 at 375 K achieved in bulk
BiSbTe/boron composite materials, which have a great potential for thermoelectric device
applications.
Chapter 6 presents the realization of high-performance BiSbTe thermoelectric materials
by combining carbon fiber incorporation with sparking plasma-sintering method. In this
chapter, one published journal paper is included, namely “Significant Enhancement of
Thermoelectric Figure of Merit in BiSbTe-based Composites by Incorporating Carbon
Microfiber (Adv. Funct. Mater. 2021, 2008851.) ”. In this work, a high ZT of 1.4 at 375 K and
high average ZT of 1.25 for temperatures in the range of 300 to 500 K is achieved in
BiSbTe/carbon microfiber (BST/CF) composite materials. The devices based on the
thermoelectric composite material show a huge cooling temperature drop in the operating
temperature range of 299 K~375 K.
Chapter 8 presents the improvement of thermoelectric and mechanical performance in ntype BiTeSe composite materials through the carbon inclusion. In this chapter, one published
journal paper is included, namely “Enhanced Thermoelectric Performance and Mechanical
Strength of n-type BiTeSe Materials Produced via a Composite Strategy (Chem. Engi. J. 2021,
131205). ”. This work demonstrates that the composite strategy provides an effective way to
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produce high performance TE materials with superior mechanical strength, in which interfaces
with large thermal resistance are used to achieve low thermal conductivity without significantly
degrading the electrical properties of the materials.
Chapter 7 give the general conclusions from this doctoral work, and the outlooks and
recommendations for future research work. In summary, this thesis work aiming to design the
microstructures and regulate the electron and thermal transport properties by composite
strategy represents a new path to manufacture high-performance thermoelectric bulk composite
materials.
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Chapter 2: Literature Review
2.1 Thermoelectric Transport Parameters
2.1.1 Electron Transport Parameters
In this section, we will introduce the electron transport parameters based on Boltzmann
transport, assuming a single parabolic band (SPB) dispersion.
Electrical conductivity is the ability to conduct an electric current, which can be viewed
as the function of the carrier density (n) and the carrier mobility () as follows:
  ne

2.1

Theoretically, the carrier concentration (n) can be obtained by integrating the density of
states over the energy range of charge carriers in the material. The carrier mobility () is mainly
determined by the materials’ electronic structure and scattering parameter. According to the
Boltzmann transport equations, n and  can be given:
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Where kB is the Boltzmann constant,  is the reduced energy, that is, the energy divided
by kBT, and 𝜏 is the relaxation time for electron scattering, which, in general, depends on the
energy of the electrons. f is the Fermi–Dirac distribution[1], given by:
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). m*i is called the inertial effective mass. If

the band is isotropic, m*i is equal to the effective band mass of a single valley. If the band is
anisotropic, that is, a single valley has a transverse ( m*b , ) and a longitudinal ( m*b , ) effective
band mass, the m*i and m*b can be expressed by:
m*b   m*b, 2 mb,* P 

1/ 3

1 1 2
1 
  *  * 
*

mi 3  mb, mb,P 

2.5

2.6

Additionally, when the Fermi surface of the solid consists of multiple degenerate valleys
(Nv), the relationship of m*i , m*d , and m*b can be express by:
m*d  N v2 / 3 mb*

m*d  N v2 / 3
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Where K represents the mass anisotropy for a single valley as expressed by[2]
K
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The Seebeck coefficient (S) is a measure of the average entropy carried by charge carriers
divided by its charge within thermal equilibrium[3, 4]. Under the assumption of a singleparabolic band, S can be expressed as the function of the carrier relaxation time (τ) and the
reduced Fermi energy () as follows:
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In the case of degenerate semiconductors and single-band conduction, S can also
expressed as the Mott equation[5, 6] as follows:
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Where g(E), n(E) and  are the energy-dependent electronic density of states, the
number of states, and carrier mobility, respectively. Equation 2.11 clearly shows that S is
proportional to the carrier density of states g(E) at the Fermi level, but inversely proportional
to the carrier concentration n. This means that one can improve S by increasing the g(E) at the
Fermi level.
The transportation of electrons with energy will contribute to the overall thermal
conductivity, which is called the electronic thermal conductivity (e). According to the
Wiedemann–Franz law, e can be obtained by as follows:
 e  L T

2.12

Here, L is known as the Lorenz number, remaining the range of 1.5 to 2.5  10-8 WK2 [7]

.

The Lorenz number can be estimated by applying a transport model. In the SPB model, the

Lorenz number can be calculated by the Equation 2.13
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According to measured electrical conductivity and calculated Lorenz number, we can
estimate the electron thermal conductivity by using the Equation 2.12.
In a typical narrow-band-gap semiconductor, there may be multiple bands that can
contribute to the electronic transport. For the multiple-band transports, the total transport
properties can be seen as the sum of the contributions of each band.[8] The total thermoelectric
properties are calculated using the following equations.
Total electrical conductivity can be expressed as:
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Where the subscript i represents the contribution from each band.
The total Seebeck coefficient can be regarded as the conductivity-weighted average of
individual Seebeck coefficients for each band, which can be expressed by:
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It should be noted that the contributions of electrons and holes to the total Seebeck
coefficient have opposite signs. In narrow band-gap semiconductors, minor carriers will make
a negative contribution to the overall Seebeck coefficient. This effect is called bipolar effect.
The electrical thermal conductivity can be expressed as:
 e   Li iT
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If there are two types of carriers (holes and electrons) contributing to electronic transport
in the same system, there will be an additional contribution to the thermal conductivity due to
bipolar diffusion, which is known as bipolar thermal conductivity and expressed by:
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As discussed above, the electronic transport properties of thermoelectric materials are
strongly associated with the carrier scattering time (τ). The electron scattering relaxation time
is the average time between the two consecutive collisions or scattering events with the lattice
or impurities. In the case of multiple scattering mechanisms, the total scattering rates (1/τ) are
summed for each independent mechanism and can be expressed by [9].
1

 tot

 i

59

1

i

2.18

The τi reflecting a specific scattering mechanism depends on the reduce electron energy,

, as shown in following formula:
 i   0 ,i   1/ 2
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Where λ is a number based on the scattering mechanism and τ0,i is a function of the
characteristic material parameters connected with carrier scattering mechanisms[1]. In
thermoelectric material systems, there are several common scattering mechanisms, including
acoustic phonon-electron scattering (λ = 0), polar optical phonon scattering, point defect
scattering (λ = 0), ionized impurity scattering (λ = 2) and so forth. Specifically, the acoustic
phonon scattering, that is, the deformation potential scattering is the most significant among
all the electron scattering mechanisms at high temperature.
2.1.2 Phonon Transport Parameter
In solids, heat is transported by phonons and charge carriers. Thus, the total thermal
conductivity is mainly composed of the contributions of charge carriers (including electron
thermal conductivity (e) and bipolar thermal conductivity (b) and phonon thermal
conductivity (L). In the previous section, we discussed the electronic contribution to the
thermal conductivity. Here, we will discuss the lattice thermal conductivity.
The lattice thermal conductivity comes from the propagation of phonons. The
displacement of atoms can transport energy through the crystal in the form of a phonon wave
[10]

. Vibration of an atom in a lattice is caused by the superposition of phonon waves with

various frequencies[11]. In kinetic theory, in analogy to gas molecules, the phonon thermal
conductivity of bulk materials can be expressed as[12]
L 
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Where

C    h D  

df BE

dT is the specific heat per unit frequency interval at frequency

ω and temperature T, D(  ) is the phonon density of states per unit volume and per unit
frequency interval, fBE is the Bose-Einstein distribution, v() is the phonon group velocity,
l     v     w 

is called the phonon mean free path (MFP), and τ() is the phonon relaxation

time[12]. If we assum that each parameter is independent of frequency, the lattice thermal
conductivity in bulk materials can be reduced to[13]
1
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As shown in Equation 2.20 and Equation 2.21, in order to reduce the lattice thermal
conductivity, one must reduce the specific heat, phonon group velocity, and phonon relaxation
time. In next section, we will introduce the methods that can reduce each individual parameter
for achieving the lattice thermal conductivity.
2.2 Coupling Relationships of Thermoelectric Parameters
A high thermoelectric figure-of-merit (ZT) requires a large Seebeck coefficient (S) and
electrical conductivity (σ), and a low thermal conductivity (). However, these parameters are
inter-coupled with each other, which makes it a challenge to improve ZT. Thus, improving the
thermoelectric performance makes it necessary to optimize a variety of conflicting
properties[14].
According to the concept of differential conductivity as shown in Equation 2.11, the
electrical conductivity () and the Seebeck coefficient (S) are intercoupled with each other. In
addition, according to the Wiedemann–Franz law and bipolar effect, the electrical thermal
conductivity (e) has interconnections with  and S. Therefore, there should be a trade-off
between , S, and e to maximize ZT. Indeed, there are several compromise between the
thermoelectric transport parameters.
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2.2.1 Carrier concentration (n) and Seebeck Coefficient (S)
In the kinetic definition, S is proportional to the difference between the average energy
of electrons and the Fermi Energy (EF). [15] S is always decreased as the reduced Fermi Energy
(). The increase in the carrier concentration would cause a simultaneous increase in the Fermi
energy as well as average energy. However, the average energy increases more slowly than the
Fermi energy due to the increased n, leading to a decrease in S.[16] Another explanation as to
why S decreases with increasing n is that the differential conductivity becomes more symmetric
with respect to the Fermi level[17]. The optimal range of carrier concentrations for heavily doped
semiconductors is between 1019 and 1021 carriers per cm3 [14]. As shown in Figure 2.1, one
should optimize the carrier concentration to reach a compromise between large S and high 
for maximizing ZT.

Figure 2.1 Thermoelectric parameters as functions of carrier concentration (figure adopted
from Ref. [14]).
2.2.2 Single Band Effective Mass (mb*) and Carrier Mobility ()
When the carrier concentration is fixed, a density-of-states (DOS) effective mass (md*)
is favourable to for obtaining a high S. According to the Equation 2.7, increasing the effective
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mass of a single valley (mb*) and the number of the band degeneracy (Nv) is favourable for a
large DOS effective mass. The increase in mb* can increase the S, but will lead to a lower carrier
mobility. Thus, there should be a trade-off between mb* and . To get a high power factor, a
net gain is required between the increased S and the reduced . One method is increasing Nv.
This is because an increase in Nv would increase md*, as indicated in Equation 2.7, and more
importantly, it would not affect  because the inter-valley scattering can be negligible. Thus,
increasing band degeneracy is an effective way to improve the power factor. Another effective
method is taking advantage of band anisotropy. The Fermi surfaces in many crystals usually
show ellipsoidal anisotropy, and the effective masses are not equal in all directions. The
effective masses can be defined as transverse masses ( m*b , ) and the longitudinal masses ( m*b ,
); the difference between them can be characterized by the band anisotropy factor K (Equation
2.9 ) [17]. As shown in Figure 2.2, without any change of md* and mb*, the transport effective
mass mi*is reduced if the K value deviates from 1. Since the md* and mb* keep unchanged, the
reduced mi* would result in an unchanged Seebeck coefficient and an increase in mobility, thus
increasing the power factor and ZT (Figure 2.2c). To sum up, large band anisotropy is
beneficial for increasing the carrier mobility without changing the Seebeck coefficient.

Figure 2.2. The influence of band anisotropy on thermoelectric parameter. (a) Effective mass
as a function of band anisotropy (K) ; (b) Carrier mobility as a function of carrier concentration
under different K values (where the density of states effective mass remains constant).(c) Large
band anisotropy leads to ZT improvement (figure adopted from Ref.[17]).
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2.2.3 Lattice Thermal Conductivity (L) and Carrier Mobility ()
Lattice thermal conductivity (L) is a phonon property, so it is an independent parameter
that is not related to the electronic properties. Reducing L to be as low as possible will be
beneficial to maximize ZT. However, because electron transport and phonon transport shares
the common lattice, they are closely related to each other[17]. Most strategies to enhance phonon
scattering, such as crystal imperfections and grain boundaries, also indeed scatter electrons,
leading to a reduction in the carrier mobility. Therefore, we need make a trade-off between L
and . This means that the of /L ratio will determine if there is a net gain for the improvement
of ZT. However, it remains a challenge to choose a proper structure that only scatters phonons
but not the carriers.
2.2.4 Bipolar Effect and Band Gap (Eg)
Thermoelectric materials should have the optimal band gap to balance their transport
properties. The carriers with larger gaps generally have lower mobility due to the higher
effective mass around the gap. In addition, the temperature dependent of the peak ZT is strongly
associated with the band gap

[17]

. This is because the minor carriers can be thermally excited

across the small gap, which will result in a bipolar effect with a decreasing Seebeck coefficient
and increasing ambipolar thermal conductivity. Thus, thermoelectric materials require the
optimum bandgap. Empirically, for most reported thermoelectric materials, the band gaps
generally fall between 6 kBT and 10 kBT.
2.3 Strategies to Improve the Power Factor
The electronic and thermal transport properties needs to be optimized for ZT
enhancement. Here, we will discuss the strategies to maximize the properties of thermoelectric
materials. Improving the power factor (PF = S2) is very necessary for achieving a high ZT. A
high PF is needed to improve the electrical conductivity and the Seebeck coefficient. However,
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as discussed above, Seebeck coefficient and electrical conductivity are strongly interconnected.
Thus, the decoupling of the Seebeck coefficient and electrical conductivity is the key to
improving the power factor. In this section, we will introduce several synergistic optimizations
to decouple their inverse correlation and improve thermoelectric performance.
2.3.1 Optimizing the Carrier Concentration.
2.3.1.1 Conventional Doping
Carrier concentration engineering is a basic and routine method to optimize
thermoelectric performance. As discussed above, an optimal carrier concentration is beneficial
to find the right compromise between S,  , and e (Figure 2.3a). Generally, there are two
different methods for tuning the carrier concentration, i.e., extrinsic doping and tuning intrinsic
defects.
Extrinsic doping is defined as introducing dopant atoms that are incorporated chemically
into the crystal lattice, which is a common method to control carrier concentration. We have to
consider the solid solubility and doping efficiency of the dopants when selecting a dopant.
The intrinsic defects, including vacancies, interstitials, and antisites, are the origin of
carriers in some thermoelectric materials. Therefore, regulating point defects is another method
for tuning the carrier density. For instance, in Bi2Te3-based alloys, the carrier type and carrier
density can be tuned by controlling the intrinsic point defects, including anion vacancies and
antisite defects[17].One can select the elements with different properties, such as
electronegativity and covalent radius, to effectively engineer the carrier concentration to reach
an optimum value.
2.3.1.2 Modulation Doping
The carrier concentration is usually independent of temperature by when using
conventional doping. However, the optimal carrier concentration (n*) of a thermoelectric
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semiconductor is temperature dependent, and usually increases with increasing temperature,
roughly following the power law of (T)3/2,[18] as indicated by the red line in Figure 2.3b. This
is because the optimal carrier concentration corresponding to theoretically maximum
performance varies with temperature, which means that it is very hard to achieve a high ZT
over a wide range of temperatures by conventional doping. To improve the average ZTave, one
can use functionally graded doping[19, 20] by combining two or multiple segments with different
carrier concentrations, as depicted in Figure 2.3 b and c. This method has been demonstrated
to be effective in graded indium-doped PbTe Crystals[19]. However, the problem for graded
doping is that the initial carrier concentration difference may disappear because of the diffusion
of carriers after a long duration in service, leading to deteriorating conversion efficiency.

.
Figure 2.3. (a) Thermoelectric parameters as functions of carrier concentration. (b).Strategies
for stabilizing the optimal carrier concentration. The carrier concentration usually shows a
(T)2/3 dependence (red line); the doping methods includes the conventional doping (orange
dotted line), graded doping (green lines), and temperature-dependent doping(purple dotted
line). (c) Different doping methods. (d) ZT improvement by using different doping approaches.
(figures adapted from Ref.[18])
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Another effective type of modulation doping is temperature-dependent doping, which is
mainly based on the temperature dependence of the solubility of some specific dopants (Figure
2.3c)[21, 22]. This method can create a concentration gradient in a single-phase material by
controlling the temperature (Figure 2.3b). It has been reported that the solubility of Cu, Ag,
and excess Pb atoms in the PbTe system is very small around room temperature, but it will
greatly increase at elevated temperatures[23, 24]. By using this phenomenon, one can create a
temperature-dependent carrier concentration. Moreover, unlike the graded doping, this method
does not have a diffusion problem after long service, so it is favorable for actual application[18].
Figure 2.3d clearly shows the ZT improvement of PbTe-based materials by different doping
approaches. A low carrier concentration with n = 31018 cm-3 (A material) is beneficial for
thermoelectric performance at low temperature, but a high carrier concentration with n = 5 
1018 cm-3 (B material) leads to a high ZT at higher temperature. Temperature-dependent doping
shows a significant advantage in obtaining a large average ZT. For example, by using the
temperature-dependent solubility of Ag in the PbTe material system, the temperaturedependent doping method can effectively improve the ZT over a wide range of temperature.
Therefore, stabilizing the optimal carrier concentration by modulation doping methods is very
favorable for securing high average ZT values, which is very important in realistic applications.
2.3.2 Band Structure Engineering
Band structure features are among a material’s intrinsic properties, but we can modify it
to enhance the Seebeck coefficient by doping or the solid-solution method. Generally, the band
structure can be modified by the lattice imperfections or dopants. Band engineering involves
the regulation of band structure parameters, including the band gap, the positions of conduction
or valence bands, the density-of-states, and the band convergence. To be specific, manipulation
of band structure engineering can be achieved by doping or alloying. Later, we will introduce
several common methods to improve thermoelectric performance through band engineering.
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2.3.2.1 Band Convergence
Band convergence can achieve high valley degeneracy (Nv)[2]. As mentioned above,
increasing Nv can increase the density of states (Figure 2.4a, b)) and thus simultaneously
enhance the Seebeck coefficient and the electrical conductivity. The band convergence can
occur if the energy difference among multiple bands is within a few kBT. There are two cases:
i) orbital degeneracy, i.e. the energy of multiple bands is very close, or ii) valley degeneracy,
i.e. degeneration of multiple carrier pockets in the Brillouin zone due to the symmetry of the
crystal[25]. For example, lead chalcogenides with high-symmetry crystal structures have high
carrier pocket degeneracy when the band extrema are located at low symmetry points in the
Brillouin zone[25].

Figure 2.4 Schematic representation of the density of states of (a) a single valence band, (b) a
converged band, (c) a flattened band, and (d) the introduction of resonant levels. (figure
adopted from Ref.[26])
Alloying or changing the temperature can cause different bands to converge to obtain a
large orbital degeneracy[17]. This case has been found in lead chalcogenides[2, 27, 28] and Mg2(Si,
Sn) solid solutions[29]. As shown in Figure 2.5a, pristine PbTe has the first light band (Nv = 4 )
at the L points and the second heavy valence band (Nv = 12) at the  line; and the energy
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difference between the L and  bands is about 0.15 eV

[30, 31]

. At some temperature (around

800 K), the L band will shift down while the Σ band will remain roughly unchanged, leading
to the band convergence (Nv = 16)

[32]

. In addition, it has been demonstrated that by

compositional alloying with some specific elements (such as Mn[33], Mg[28], and Cd[34]), the
band offset between the L band and the Σ band will become smaller, thereby achieving band
convergence at the desired temperature. A similar composition-induced band convergence can
also found in Mg2Si1−xSnx solid solutions[29], as shown in Figure 2.5b. in Mg2Si, heavy band
(CH) is above the light one (CL), while in Mg2Sn, the case is the opposite. By adjusting the of
Si/Sn ratio, the band position will change and converge at Sn content x = 0.65-0.7[35].

Figure 2.5. Band convergence in thermoelectric materials. (a) Schematic diagram of
temperature-induced band convergence in PbTe0.85Se0.15[2]. (b) Schematic diagram of
composition-induced band convergence in Mg2Si1−xSnx.(c) Pseudo-cubic structure in
tetragonal chalcopyrite contributes to band convergence; d) Structural transition-induced band
convergence in Bi2−xSbxSe3[36].(figure adopted from Ref.[17]).
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In addition to orbital degeneracy, band convergence can be realized by increasing the
crystal symmetry, such as from non-cubic to cubic-like, or structural phase translation by
compositional alloys. One of typical examples is the non-cubic tetragonal chalcopyrite (Figure
2.5c). Zhang et al[37].reported that cubic‐like degenerate electronic bands arising from the
crystal structure as it changes from non-cubic to cubic can be used to achieve good electronic
transport properties and high ZT in chalcopyrites. Another typical example of band
convergence is found in Bi2−xSbxSe3, in which alloying with Sb induces the structural phase
transition (Figure 2.5d). The above examples demonstrate that the manipulation of band
convergence offers the feasibility of improving the power factor and thus ZT.
2.3.2.2 Band Flattening
The effective mass of a single-band, mb*, mainly depends on the curvature of the bands.
Thus, the band distortion provides the possibility of increasing the density of states at near
Fermi level and changing the single-band effective mass[38].Band flattening is an approach to
enhance mb* via chemical doping[39]. This has been reported in La or I doped n-type PbTe
materials where the Seebeck coefficient was enhanced because of a 20% higher mb*. Band
calculations suggest that the hybridization between La f-states and Pb p-states can increase mb*
by band flattening[40].
2.3.2.3 Introduction of Resonant Levels
As shown in Figure 2.4d, the introduction of resonant levels is another strategy to
enhance the effective mass of a single valley to obtain a higher Seebeck coefficient. Resonance
levels originate from the coupling between electrons of a dilute impurity with those of the
conduction or the valence band of the host solid[18]. As a result, the resonant energy introduces
a narrow peak in the density-of-states, resulting in an increase in the Seebeck coefficient. For
example, Tl doping can introduce the resonant levels into the PbTe band structures, leading to
a large Seebeck coefficient and ZT.
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2.3.2.4 Energy-Filtering Effect
Experiments and theories have demonstrated that the introduction of interfaces, or
heterojunctions, grain boundaries, or nanostructures can generate energy filtering of carriers,
resulting in an enhanced Seebeck coefficient. If there is a band offset between the host
thermoelectric solid and the added structure, it would suppress the transport of the charge
carriers with lower energies or minor charge carriers, as shown in Figure 2.6a and b. In
principles, the filtering of low energy carriers would increase the average carrier energy and
energy-asymmetric differential conductivity near the Fermi level[41]. This will increase S while

 will not be significantly reduced [42, 43]. Figure 2.6c shows the influence of energy-dependent
carriers on the Seebeck coefficient of n-type Si80Ge20[44]. We can deduce that the contribution
of the low-energy carriers to S is negative, while the carriers with higher energy between 0.05
and 0.1 eV contribute the most to the high S.[44] The calculation results estimated a significant
improvement in S2σ when well-designed potential barriers were introduced[45]. Indeed, energy
filtering is an energy-dependent scattering process and also considered to be a selective
scattering. Thus, for maintaining high mobility, one should design an appropriate interfacial
barrier that does not significantly degrade the carrier mobility. Generally, the barrier height
should be tuned below 0.2 eV, and the work function of the incorporated phase should be close
to that of the base material[46].

Figure 2.6. Schematic of the potential barrier for (a) low energy carriers and (b) minor carriers.
(c) Calculated results for n-type Si80Ge20 show how energy-dependent carriers contribute to the
Seebeck coefficient[44]. (figure adopted from Ref.[47]).
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2.3.3 Promotion of Carrier Mobility
To increase the maximum ZT, manipulation of the electronic structures and
microstructures is very important. The maximum ZT of a doped semiconductor is proportional
to the thermoelectric quality factor, B, which is defined as[48]
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*



 w   md m 
e


3/ 2



2.23

The weighted mobility can directly reflect the relationship between the Seebeck
coefficient and electrical conductivity, and can be used to estimate the variation of power factor
with doping. In the above section, we have introduced the methods to tune the md* and mb* to
enhance the Seebeck coefficient through band engineering. In this section, we will discuss the
possible approaches to improve carrier mobility. Conventionally, we adopted uniform doping
or alloy-induced point defects, such as substituents, interstitials and vacancies to adjust the
Fermi level and band structure. However, these defects probably cause electron scattering,
thereby reducing . As discussed above, the carrier mobility can be improved by decreasing
the single-band mass or enhancing the band anisotropy. Here, we will present some ways to
promote carrier mobility.
2.3.3.1 3D modulation Doping
Modulation doping has previously been proposed to improve carrier mobility in twodimensional electron gas thin-film devices[49]. In multiple layered thin films, the carrier
mobility will be improved if the carriers and impurity scattering centers are spatially
separated. The carrier concentration of typical thermoelectric materials is between
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1019~1021 cm-3, which generally requires the heavy doping. However, the ionized impurities
will enhance electron scattering, leading to the reduction in carrier mobility. To avoid
ionized impurity scattering for carriers, modulation doping can be used to realize the
separation of carriers and ionized dopants. An illustration of three-dimensional (3D)
modulation doping is shown in Figure 2.7. To be specific, modulation doping can be
realized by preparing two-phase composites made of undoped samples and heavily doped
samples. The undoped sample has higher carrier mobility but low carrier concentration,
while the case for the heavily doped sample is the opposite. Because of different carrier
concentrations, the position of Fermi level will be different between the undoped and
heavily doped sample, as shown in Figure 2.7. Due to the difference in the Fermi level, the
carriers in the modulation doped sample will overflow from the region with high carrier
concentration to the region with low carrier concentration. Because the carriers avoid
scattering by ionized impurities, the carrier mobility increases. This method has recently
been used for several bulk thermoelectric materials. For example, A higher PF and ZT are
obtained in modulation doped BiCuSeO, which shows higher performance than the uniform
and heavily doped BiCuSeO[50].

.
Figure 2.7. Schematic illustration of (a) un-doped semiconductor, (b) modulation doping, (c)
uniform doping. Red arrows show the carrier scattering. (d, e) Fermi level positions in undoped, uniformly doped, and modulation-doped semiconductors: (d) n-type doping and (e) ptype doping. (figure adopted from Ref.[18] ).
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2.3.3.2 Texturing
Texturing is the process of increasing the size and degree of orientation of grains. It is
very helpful for improving the carrier mobility of some materials with anisotropic properties.
Some typical materials with a layered structures, generally have higher carrier mobility along
the intra-layer plane direction than the interlayer direction. In a polycrystalline sample, the
orientation of grains is random, and the carrier mobility is a statistical average value along
different directions[18]. To increase carrier mobility, one can take advantage of carrier transport
anisotropy to maximize carrier motility. Some processing techniques can be applied to enhance
the degree of texture. For example, texturing by hot deformation has been extensively utilized
to enhance the thermoelectric performance of Bi2Te3-based materials[51].
2.4 Strategies to Reduce Thermal Conductivity

Figure 2.8. Schematic illustration of basic strategies for reducing lattice thermal conductivity.
(a) anharmonicity and multidimensional defects; (b) low group velocity resulting from soft
bonds and heavy atomic mass, and c) small specific heat of acoustic phonons stemming from
crystal structural complexity.(figures adopted from Ref.[13]).
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The lattice lattice thermal conductivity (L) is the only independent thermoelectric
parameter. As important as the strategies mentioned above, minimizing L has been
successfully applied to greatly improve the ZT of materials. Thermoelectric materials are
commonly degenerate semiconductors. Thus, the dominant type of thermal conductivity
originates from the thermal energy carried by phonons, which is a quantification of lattice
vibrations. According to Equation 2.21, theL is mainly determined by the specific heat (Cv),
the group velocity (vg) and the phonon relaxation time (τ). Thus, the methods to minimize the
lattice thermal conductivity focuses on reducing these three parameters. Figure 2.8
schematically illustrates the basic strategy to reduce L.
Firstly, one can reduce the phonon relaxation time by enhancing phonon scattering
through lattice anharmonicity, and lattice defects, including zero-dimensional (0D) point
defects, one-dimensional (1D) dislocations, and 2D two-dimensional (2D) grain boundaries or
interfaces. Secondly, a low phonon group velocity is highly desirable for a low L. As is wellknown, stronger chemical bonds will result in a higher sound wave group velocity. This means
that materials with weak chemical bonds are expected to have a low phonon group velocity.
The phonon group velocity (vg) can be directly deduced from the slope of the phonon dispersion
(k-vector versus phonon frequency, as shown in Figure 2.8b). Notably, the phonon group
velocity is in direct proportion to the square root of the force constants (F, f) over the atomic
mass (M, m)[52]. Thus, we can conclude that both small forces between atoms (soft chemical
bonds) and heavy atomic mass are favorable for a low phonon group velocity[53]. Generally,
materials consisting of heavy atoms show soft chemical bonds.That is why most good
thermoelectric materials contain heavy elements. Lastly, specific heat for a certain material is
an intrinsic property, so it is hard to modify[54]. However, we can search for a crystal with a
complex structure and large unit cell to obtain a low specific heat capacity. In a solid, acoustic
phonons usually dominate the heat transport due to their high velocities, while the contribution
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of the optical phonons to heat conduction can be negligible due to their almost zero phonon
velocity[54]. There are only three acoustic branches, but the optical branches will increase with
increasing atomic number. This means that a complex crystal structure can lead to an effect
equivalent to having only a small portion of phonons that are acoustic ones[53]. Thus, it is
beneficial to have structural complexity in order to achieve low specific heat. Next, we will
discuss the common strategies to reduce L in detail.
2.4.1 Point Defects
The introduction of lattice imperfections is a common method to reduce L in
thermoelectric materials. Point defects are 0D defects in the crystal lattice on the atomic scale,
which are mainly effective for high frequency phonon scattering. Generally, point defects can
be readily generated by chemical substitutions and alloying. The point defects include
vacancies, interstitials, and substitutions. The main mechanism of point-defect phonon
scattering can be attributed to the mass contrast and strain-field fluctuation. According to the
Callaway model[55], the degree of point-defect phonon scattering is characterized by the
scattering parameter (Γ):
 M 2
 adisorder  a pure
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2.24

Where x is the doping concentration, ΔM/M is the rate of change of the atomic mass,

disorder and pure represent the lattice constants of the doped alloy and the pure alloy,
respectively, and ε is an adjustment parameter related to the elastic properties

[56]

. From the

above equation, we know there are three routes to enhance point-defect phonon scattering: (i)
Heavy doping, that is, a high solution ability; (ii) large mass fluctuation between the dopants
and the host elements, and (iii) large lattice mismatch between the dopant phase and the host
phase. Because large lattice and size mismatches generally can result in low soluability, there

76

is a compromise between (i) and (iii).
2.4.2 Line Defects

A one-dimensional dislocation, which is a kind of line defect, is a very effective phonon
scattering source, which mainly target for scattering phonons with medium mean free path
(middle frequency). This type of phonon scattering stems from dislocation strains and
dislocation cores. Hot deformation is the most common technique to create the dislocations in
materials. Recently, liquid-phase sintering was adopted to construct dense boundary
dislocation arrays in BiSbTe alloys, resulting in an ultralow L[57]. In addition, another method
of creating high-density dislocations is through clustering of vacancies or interstitials in solid
solutions. When these vacancy clusters further collapse, for a lower overall energy, closed
loops of edge dislocations can be presented, giving rise to a high density of homogeneously
distributed dislocations within the grains[58].
2.4.3 Interfaces
The transport of phonons with short and medium wavelengths accounts for a
considerably large portion of thermal energy transport. Two-dimensional interface scattering
is very effective for targeting this region, and the interface phonon scattering rate is as τInter∼
ω0 (phonon frequency). In practice, dense interfaces can be created by building nanostructures,
including reducing grain size, and forming nanoscale precipitates and nanocomposites.
2.4.3.1 Reducing Grain Size
Grain boundaries are an important scattering source for phonons, and the materials with
fine microstructures generally have lower lattice thermal conductivity compared with the ones
with large grains. There are several typical technologies to fabricate nanoscale grains, including
ball milling

[57, 59]

, melt-spinning

[60-62]

(MS), and solvo-thermal synthesis

[63-65]

. In particular,

mechanical alloying method by using high-energy ball milling have been widely used to
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improve thermoelectric performance in many material systems , such as (Bi,Sb)2Te3 and halfHeusler alloys [66]. As the low frequency phonons usually account for a large proportion of the
phonon population at low temperature, grain boundary scattering is very significant for
reducing κL at low temperatures[13].
2.4.3.2 Nanoscale Precipitates
The introduction of nanoscale precipitates is a good way to increase the density of
interfaces.

In

particular,

in-situ

second-phase

precipitation

through

thermodynamically/kinetically driven processes has been demonstrated to be very effective for
creating high density of nanostructures

[67, 68]

. For instance, nanoscale second-phase SrTe

particles were successfully introduced into the PbTe matrix by fast cooling, making it possible
to realize ultralow thermal conductivity[69].
2.4.3.3 Nanocompositing
Nano compositing involves ex-situ addition of a nanoscale guest phase by mechanical or
chemical mixing. This is very useful to achieve nano-inclusions dispersed in the matrix. This
nano compositing approach can greatly suppress heat conduction, which has been widely
applied in many thermoelectric materials[70]. Some example, are SiC nano-dispersions in PbTebased alloys[71], BiSbTe-based thermoelectric nanocomposites[72], and highly dispersed
molecular carbon nanotubes (CNTs) in Cu2Se-based materials[73].
2.4.4 All-scale Hierarchical Architectures

The phonon relaxation time τ needs to be reduced as much as possible to obtain the lowest
lattice thermal conductivity (L). The total relaxation time can be calculated by using the
following equation.
1
1
1
1
 1   U1   PD
  DS
  DC
  Inter
 ....
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Where τU is the Umklapp scattering, τPD is the point defect scattering, τDS is the scattering
induced by dislocation strains, τDC is the scattering induced by dislocation cores, and τinter is the
interface scattering.

Figure 2.9 Schematic diagram of multiscale defects. (a) Atomic-scale point defects; (b)
nanoscale precipitates; (c) mesoscale grains in one single material for all-scale hierarchical
architecture of optimized for phonon scattering. (figure adopted from Ref.[74]).
The intrinsic mechanism that scatters all phonons with all frequencies, is lattice
anharmonic phonon–phonon scattering (Umklapp scattering, τU). Point defects (τPD) have a
length scale of one interatomic distance, which largely scatters high-frequency phonons with
short length scale. Dislocations (τDC and τDS) can effectively scatter mid-frequency phonons.
Nanoscale and mesoscale interfaces enable effective scattering of low and medium frequency
phonons with medium and short length scales. That is to say, phonons with different
wavelengths and mean free paths (MFP) synergistically contribute to the total L[75]. To
maximally reduce L of a given thermoelectric material, combining multiscale scattering
centers, including point defects, nanoscale structures, and mesoscale boundaries, into a single
thermoelectric materials is the best option. This combination is called the all-scale hierarchical
architecture as shown in Figure 2.9, which can achieve all-scale phonon scattering and has
been successfully applied to significantly enhance the thermoelectric performance of many
materials, including PbTe[27, 76], and SnTe[77].
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2.4.5 Seeking New Materials with Intrinsically Low Thermal Conductivity
As discussed above, large anharmonicity, a low phonon group velocity (vg) and low
specific heat (Cv) can contribute to intrinsically low lattice thermal conductivity. Thus, we can
discover some materials with intrinsic low thermal conductivity based on these physical
properties.
2.4.5.1 Large Anharmonicity
Elastic waves could scatter each other due to the anharmonicity of the interatomic
potential[78]. Assuming that the dominant scattering is the intrinsic phonon–phonon scattering,
the Lcan be expressed as[74]
L  A

 D3  1/ 3 M
 2 N 2 / 3T

2.26

where A is the physical constant,  D is the Debye temperature,  is the average atomic
volume, M is the average atomic mass, is the Grüneisen parameter characterizing the strength
of the lattice anharmonicity, N is the number of atoms in the primitive unit cell, and T is the
absolute temperature. According to Equation 2.26, we can conclude that strong anharmonicity
is very beneficial for an intrinsically low L. The lattice anharmonicity can be attributed to the
fact that the restoring force on the atomic displacement is nonlinear. To be specific, the
interaction force between the atoms in the crystal is responsible for lattice anharmonicity. For
example, SnSe has ultralow thermal conductivity, which is the result of its layered structure
combined with anharmonic lattice vibrations. The calculation results demonstrated that softmode lattice instability and temperature dependence of the force constants lead to large
anharmonicity [79].
Global soft chemical bonds and heavy atomic weights are beneficial for a low phonon
velocity, leading to an intrinsically low L. For example, –MgAgSb shows a low L because
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of its low group velocity as a result of the soft chemical bonding and atomic disorder[80].
Alternatively, (Bi,Sb)2Se3 has a lower sound velocity compared to pure Bi2Se3 or Sb2Te3
materials, as a result of composition-induced chemical bond softening [81].
2.4.5.2 Low Specific Heat
In principle, a low specific heat (Cv) is favorable for a low L as well. However, it is very
difficult to manipulate the specific heat of thermoelectric materials at high temperature due to
the Dulong-Petit limit (specifying that the energy carried by each atom is close to 3kBT at high
temperatures

[11]

). Interestingly, it has been found that superionic conductors, such as Cu2Se,

have a liquid-like specific heat that can be reduced below the Dulong–Petit limit[82],
demonstrating a typical ionic liquid-like behavior. In these copper-based chalcogenides, the Cu
ions are highly disordered and mobile, while the Se(S) ions have a rigid framework [83, 84]. The
liquid-like materials, are in a part-solid state and part-liquid state, hence their specific heat Cv
should also lie between those of a solid and a liquid[85,

86]

. Recently, many liquid-like

thermoelectric materials, including the copper chalcogenides Cu2M (M= S, Se, Te)[87, 88], the
silver chalcogenides Ag2M (M = S, Se, Te) [89, 90]and the Argyrodite-type[53, 91] ones have been
found to show high thermoelectric performance. In addition to superionic conductors, materials
with complex structures also have a low Cv, as discussed above.
2.5 Thermoelectric Materials and Recent Development
2.5.1 Current Bulk Thermoelectric Materials
For the last several decades, significant progress has been made on the development of
high excellent thermoelectric materials. Many new thermoelectric materials have been
discovered and reported. Figure 2.10 presents the reported state-of-the-art n-type[92-102] and ptype[103-111] thermoelectric materials and their figures of merit at varied temperatures. As we
can see, most of thermoelectric material systems have ZT values of more than 1, and some are
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even higher than 2. According to the peak performance and stability of materials in different
temperature ranges, we can categorize thermoelectric materials into three groups, i.e, lowtemperature (< 500 K), medium-temperature (500-900 K) and high-temperature (>900 K)
thermoelectric materials.

Figure 2.10. Temperature dependence of the figure-of-merit, ZT, for state-of-the-art (a) ntype[92-102] and (b) p-type[103-111] bulk thermoelectric materials. (figure adopted from Ref.[112]).
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There are a variety of materials that show stable and good thermoelectric performance in
the medium temperature range of operation, such as skutterudites[113-115], lead/tin/germanium
chalcogenides[103, 116-119], half-Heusler alloys

[120, 121]

, clathrates[122, 123], Zn4Sb3[124], In4Se3[92],

Cu2(S,Se,Te) [82, 125, 126], and Mg2(Si,Sn)[127, 128]. In particular, lead salts with the NaCl crystal
structure are a promising class of thermoelectric materials and have been extensively
investigated. Some lead materials, including tradittional Pb(Te,Se, S) alloys[129, 130] and PbTeAgSbTe2 (LAST)[130, 131], have a high ZT exceeding 2. To address problems of the toxicity of
Pb accompanied by environmental concerns, researchers have been devoted to developing new
high-performance lead-free alternative materials. GeTe and SnTe have been recently developed
to be as intermediate temperature thermoelectric materials. By using band convergence and
defect engineering, the ZTs of SnTe were significantly improved, and the highest ZT value
could approach 1.6 at 1173 K in Sn0.89Mn0.14Te-(Cu2Te)0.05 composite[132]. A record-high peak
ZT of 2.4 was achieved in GeTe-based materials through (Pb, Bi) co-doping, owing to the band
convergence induced by the change in the crystal lattice symmetry and low L induced by
alloying[133, 134]. SnSe is a promising material with an ultralow intrinsic L

[135]

, and a record

high ZT of 2.6 has been observed in a single crystal of SnSe[110]. Filled CoSb3-based materials
with the skutterudite CoAs3-type cage structure have been intensively studied in the past two
decades due to their feature of “phonon glass electron crystal”. So far, values of ZT ∼ 1.7 at
850 K and 1.9 at 835 K were reported in p-type Ba0.08La0.05Yb0.04Co4Sb12

[93]

and n-type

Sr0.09Ba0.11Yb0.05Co4Sb12[136], respectively. Cu and Ag chalcogenide superionic conductors
exhibt liquid-like phonon thermal conductivity and a high power factor. ZT values above 2
have been successfully achieved in Cu2Se/carbon composite materials[137, 138]. Mg2Si-based
materials are environmentally-friendly and robust thermoelectric materials operating in mid to
high-temperature applications due to their abundant non-toxic elements and good mechanical
properties. Recently, a ZT value of ~ 1.1 at 800 K was obtained in MgSi0.4Sn0.6 alloys [139].
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Thermoelectric materials that operate at high temperature (above 900 K) are very
important for power generators for intended to provide power supplies for space exploration.
The most well-known high-temperature thermoelectric materials are Si-Ge alloys, which are
characterized by their high chemical stability and mechanical robustness[140]. SiGe-based
materials are the best candidates for application in radioisotope thermoelectric generators[141].
In addition to SiGe alloys, lanthanum chalcogenides such as La3Te4[98] and Zintl materials like
Yb14MnSb11[105,

142]

were also reported to show high thermoelectric performance at high

temperature. Recently, half-Heusler (HH) alloys have received intensive attention due to their
high thermoelectric performance, thermal stability, and mechanical robustness at high
temperature. For example, Zhu et al. [143]reported a high ZT of ∼1.5 at 1,200 K for the p-type
FeNbSb half-Heusler alloys. ZrCoSb[144] and ZrNiSn[145, 146] alloys were reported to have good
high-temperature thermoelectric performance. Because of operating under a higher
temperature gradient, high-temperature materials are expected to have comparable conversion
efficiency, although the maximum ZTs of these materials are lower than those of mediumtemperature ones[121].
Figure 2.11 gives the ZT values of current bulk thermoelctric materials in the last few
decades. As we can see, the ZT values of thermoelectric materials have shown a big
improvement. The development of thermoelectric materials has gained from new concepts of
quantum confinement, proposed by Hick and Dresselhaus[147] and the “phonon glass electroncrystal” (PGEC) paradigm proposed by Slack[148].The manipulation of band structures and
microstructures is the main strategy for optimizing electron and thermal transport properties
simultaneously, thereby improving the ZT values of these materials. However, some high and
attractive peak ZTs have not exhibited high reproducible, and mechanisms of thermoelectric
property enhancement are still unclear. Moreover, there is still a long way to go before realistic
applications of these materials because we have to consider many factors, such as reproducible,
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stability, cost-effectiveness, and mechanical properties.

Figure 2.11. Timeline for the state-of-the-art thermoelectric materials (bulks), including Bi2xSbxTe3,

BiCuSeO, clathrates, Cu2Se, GeTe, half-Heuslers, SnSe, PbTe, skutterudites, SnTe,

and Zintls. The inset images from left to right are high-angle dark field ‒ scanning TEM
(HAADF-STEM) images of Ba0.08La0.05Yb0.04Co4Sb12 multiple-filled skutterudites[93], fast
Fourier transform (FFT) images of dense dislocation arrays in Bi0.5Sb1.5Te3[57], solid-state
transformation of the CuSe2 template into (1−x)Cu2Se/(x)CuInSe2 nanocomposites[111],
schematic illustration of out-of-plane charge and phonon transports in n- and p-type SnSe[149],
and high ZT in PbTe promoted by strains in the lattice and band convergence[150]. (figure
adopted from Ref.[151])
2.5.2 Bi2Te3-based Thermoelectric Materials
2.5.2.1 Chief Characteristics of Bi2Te3-based Materials
Bi2Te3-based materials have attracted intense attention as the best near-room
temperature- thermoelectric materials since the 1960s, and now have come to dominate the
large commercial market for thermoelectric devices. Tetradymite-type Bi2Te3, Bi2Se3, and
Sb2Te3 possess a rhombohedral structure with space group R-3m as shown in Figure 2.12a.
Five atomic-layers are stacked in the sequence of Te1-Bi-Te2-Bi-Te1 along the axis to form a
quintuple layer (QL) with characteristic ionic and covalent bonding. Here, Te1 and Te2
represent two different chemical states of the anion. The Te1 and Bi atoms are bonded by a
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combination of covalent and ionic bonds, while Te2 and Bi are only connected by covalent
bond. The unit cell is composed of three quintuple layers along the c-axis, and the adjacent
quintuple layers are interconnected by van der Waals forces. Due to the difference in bonding
and orientation of the layered structure, Bi2Te3-based compounds typically show an obvious
anisotropy in TE properties between then in-plane and out-of-plane directions[152].
The calculated electronic band structures of Bi2Te3 are shown in Figure 2.12 b and c. As
we can see, Bi2Te3 has a narrow band gap of 0.15 eV, and there are six valleys in the highest
valence band and lowest conduction band. Furthermore, the energy separations of the second
conduction band and second valence band are 30 meV and 20 meV, respectively[153]. We know
that Bi2Te3-based materials possess narrow band gaps, which is beneficial for a large electrical
conductivity. Meanwhile, the high band degeneracy would lead to a high power factor, and the
heavy atomic masses and anharmonic bond strengths are favourable for obtaining a low L.

Figure 2.12. (a) The crystal structure of Bi2Te3[154]; (b) the first Brillouin zone of the
rhombohedral cell; (c) the band structure[155, 156].
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2.5.2.2 Point Defect Engineering to Enhance ZT of Bi2Te3-based Materials
The point defects in Bi2Te3-based alloys include intrinsic point defects and extrinsic point
defects. The intrinsic point defects include vacancies at Te sites and antisite defects of Bi in
Te-sites, while the extrinsic point defects refer to the guest atoms which is introduced by doping
or alloying. The Te vacancies can be attributed to the Te deficiency caused by evaporation,
while the antisite defects originate from the differences in electronegativity and atomic radius
between Te and Bi. In Bi2Te3-based materials, the anion vacancies (such as VTe.. ) are positively
charged, thus giving up electrons, while the antisite defects (such as BiTe' or SbTe' ) are negatively
charged, contributing holes; that is to say, one antisite defect provides a hole and one anion
vacancy provides two electrons. Therefore, the intrinsic point defects in Bi2Te3-based materials
play a key role in determining the conduction type and the carrier concentration. The formation
energies of antisite defects (EAS) and anion vacancies (Ev) can be enumerated in ascending
order as[157]:
E AS  Sb  Te   E AS  Bi  Te   E AS  Sb  Se   E AS  Bi  Se   E AS  Bi  S 

2.27

EV  Sb  Te   EV  Bi  Te   EV  Sb  Se   EV  Bi  Se   EV  Bi  S 

2.28

These results used to semi-quantitatively explain the composition dependence of carrier
types in the Bi2Te3 family[157]. Generally, Sb2Te3 shows a strong p-type featured because of the
dominant SbTe' antisite defects arising from the low EAS, and Bi2Se3 has n-type conduction type
considering the low formation of anion vacancies (Ev).
The point defects have important impacts on the thermoelectric properties, including the
electrical conductivity, Seebeck coefficient, and thermal conductivity. Thus, engineering
intrinsic point defects to optimize the material’s thermoelectric performance is a typical
approach to enhance the thermoelectric properties for the p-type and n-type alloys. Firstly, the
intrinsic point defects can change the carrier type and optimize the carrier concentration,
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respectively; thus, we can attain an optimal carrier concentration n by defect engineering.
Secondly, the point defects provide the possibility of modifying the electron density of states
(DOS) near the Fermi level EF, thereby enhancing the Seebeck coefficient. Theoretical
calculations by Hashibon et al. showed that the EF is shifted into the valence band or conduction
band by BiTe' and TeBig [158], forming resonant (defect) states[157]. Thirdly, the introduction of
point defects will cause the fluctuation of mass and strain in the lattice, so these defects can act
as phonon scattering centers, resulting in a low L. Lastly, the carrier mobility is likely to be
reduced due to the possible electron scattering by point defects. Thus, engineering intrinsic
point defect to optimize the material’s thermoelectric performance is a typical approach to
enhance the thermoelectric properties for the p-type and n-type alloys.
As discussed above, the formation energy of the antisite defects decreases when the
differences in electronegativity and covalent radius between the cation and anion decreases,
whereas the formation energy of the anion vacancies decreases if the difference
increases[159].Thus, controlling the composition by alloying or doping is the most simple
strategy to regulate the defect type and concentration. If increasing the Sb content in (Bi,
Sb)2Te3 alloys is increased, the antisite defect concentration will increase, leading to the
increase of carrier concentration (Figure 2.13b). Similarly, increasing the Se content in
Bi2(Te,Se)3 alloys will result in an increased anion vacancy concentration and hence electron
concentration (Figure 2.13a)[160]. Considering that point defects are very sensitive to the
composition, we can manipulate the defects by controlling the synthesis environment, such as
whether there are cation-rich or anion-rich conditions. For instance, it was found that the anions
in the p-type zone-melted (ZM) Bi2+xTe3 and n-type Bi2+xSe3 ingots led to an increase in hole
concentration and a decrease in electron carrier concentration because of the increasing antisite
defect concentration (acceptors) with increasing x , respectively[161].
In addition to composition controlling, mechanical control via post-synthesis
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deformation is another approach[157, 162]. During the process of the mechanical deformation,
cation and anion vacancy pairs would be generated, and the original BiTe'' and VTe.. can react as
follows during the sintering process[163]:
'
VBi'''  BiTe
 VTe..  BiBi  6e'

2.29

Figure 2.13. (a) Room temperature carrier concentration of the undoped single crystals, HP
and HD polycrystalline Bi2Te3-xSex samples. (b) Room temperature carrier concentration of the
undoped single crystals, and HP and HD polycrystalline Bi2–xSbxTe3 samples. (figure adopted
from Ref.[157]).
This phenomenon is called the donor-like effect because large quantities of electrons are
generated. The donor-like effect usually occurs during the processes of ball milling (BM),
grinding, hot deformation (HD), and hot pressing (HP). As shown in Figure 2.13, due to the
donor-like effect, HD and HP processing result in an increase in electron carrier density in ntype Bi2(Te,Se)3 materials, and a decrease in hole carrier density in p-type (Bi, Sb)2Te3
materials, compared their single crystalline counterpart. In n-type Bi2Te3-xSex materials, the
electron carrier concentration (ne) value of both HP and HD samples first increases and then
decreases with increasing Se content. With increasing Se content, the antisite defects are
suppressed, and thus, the donor-like effect is further decreased, leading to a reduced ne when x
< 1. If x > 1, the Se loss will increase the anion vacancies, thereby increasing the electron carrier
concentration.
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Engineering intrinsic point defects can be very effective for tailoring the thermoelectric
properties. As shown in Figure 2.14, hot deformation of ZM ingots (HD samples) is an
effective way to enhance their thermoelectric performance because of the modification of the
point defects. Due to the optimization of the carrier concentration and the reduction of thermal
conductivity, the HD sample shows a maximum ZT of 1.2 at 375 K and ZT of 1.3 at 300 K for
ZM-HD2 (Hot deformation twice) Bi2Te2.79Se0.21

[164]

and p-type ZM-HD Bi0.5Sb1.5Te3

[165]

,

respectively (Figure 2.14e,f).However, as we can see from Figure 2.14, hot pressed samples
show a lower ZT than the ZM ones owing to their having a larger power factor degradation
than the reduction of phonon thermal conductivity.

Figure 2.14. Room temperature carrier concentration and carrier mobility of (a) n-type
Bi2Te2.79Se0.21,[164] and (b) p-type Bi0.5Sb1.5Te3 alloys[165]. Temperature dependent lattice
thermal conductivity of (c) n-type Bi2Te2.79Se0.21 alloys and (d) p-type Bi0.5Sb1.5Te3 alloys.
Temperature dependence of ZT of e) n-type Bi2Te2.79Se0.21 alloys and f) p-type Bi0.5Sb1.5Te3
alloys. (figure adopted from Ref.[157]).
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Additionally, one can maximize the thermoelectric properties of Bi2Te3-based materials
in different temperature ranges by defect engineering. As is well-known, bipolar effects can
degrade the Seebeck coefficient and increase the thermal conductivity, thus restricting the T
improvement at medium temperatures. To suppress the bipolar effects, one can increase the
band gap and carrier concentration. Consequently, the low-carrier-concentration samples show
higher ZT at low temperature, while high-carrier-concentration samples push the maximum ZT
to higher temperatures. Furthermore, composition control to tailor the band gap can effectively
achieve excellent thermoelectric properties in different temperature ranges. For example,
increasing the Sb content in (Bi,Sb)2Te3 ZM ingots can increase the antisite defects and hole
concentration, and enlarge the band gap, which is also effective in BixSb2-xTe3 polycrystalline
materials to shift the temperature of the maximum ZT[166].
2.5.2.3 Texture Engineering to Enhance ZT of Bi2Te3-based Materials
As discussed above, Bi2Te3-based alloys have a strong anisotropic nature due to the
difference in atomic bonding: weak van der Waals bonds in the c-direction, and strong covalent
bonds along the a- and b-directions. Along the layer stacking direction, the electron and phonon
transport can be restricted to some extent due to the van der Waals gaps. Thus, both thermal
and electrical conductivity are larger when intra-layers than when inter-layers. The electrical
conductivity and thermal conductivity of Bi2Te3 along the layer are 3–7 times and 2–2.5 times
larger, respectively, than across the layer[167]. Thus, such characteristics inspire the exploration
of texture engineering as an effective strategy for improving the Bi2Te3-based thermoelectric
performance. In particular, texture is very effective for improving the thermoelectric
performance of n-type Bi2Te3-based alloys because the electron transport is very sensitive to
the grain orientation. It should be noted that the currently commercial n-type Bi2(Te,Se)3
materials are mainly single crystals. This is because the single crystal that are highly textured
show a high power factor and maintains their peak ZT near room temperature.
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Figure 2.15. (a) Scanning electron microscope (SEM) fractographs of all the bulk samples with
different processing histories. ZM-HD2 denotes as the samples that were directly hot deformed
twice by using commercial zone-melted (ZM) n-type Bi 2Te2.79Se0.21 ingot; HP-HD2 denotes
as the samples that were hot deformed twice by using the hot pressing (HP) samples (powder
processing by ball milling and sintering by hot pressing method). (c) µ(m*/m0)3/2 /κph at 300 K
for all the Bi2Te2.79Se0.21 bulk samples as a function of the hot deformation number; (d)
Temperature dependence of ZT for all the Bi2Te2.79Se0.21 bulk samples with different
processing histories.[164].
Hot deformation is a promising approach to prepare Bi2Te3 alloys with texture. On the
one hand, the texture will be enhanced by hot deformation, which facilitates carrier transport;
on the other hand, high-density atomic-scale lattice defects, including dislocations, distortions,
and point defects, can be constructed by plastic deformation, which can decrease the lattice
thermal conductivity. Zhao et al. have systematically investigated the influence of different
processing methods on the thermoelectric performance of n-type Bi2Te2.79Se0.21 ingot[164]. By
directly hot deforming the commercial ZM n-type Bi2Te2.79Se0.21 ingots, the texture will be
partially lost and the donor-like effect will be weakened (Figure 2.15a). As a result, the lattice
thermal conductivity (L or ph) is significantly suppressed by full spectrum phonon scattering
due to the micro-scale and, nanoscale distorted regions, and the atomic scale lattice distortions
and point defects[164]. The thermoelectric quality, which mainly determines the materials’ ZT,
is proportional to the ratio of the carrier mobility to the thermal conductivity, µ(m*/m0)3/2 /κph.
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As shown in Figure 2.15c, the value of µ(m*/m0)3/2 /κph at 300 K, rises with increasing HD
count in the polycrystalline samples, resulting in the achievement of a high ZT of 1.2 at 357
K in n-type Bi2Te2.79 Se0.21 polycrystalline alloy. It should be noted that reducing the grain size
by ball milling will weaken the texture and generate a strong donor-like effect, leading to
serious deterioration of carrier mobility. That is why we observed that the ZT of the HP-HD2
sample (hot pressing sample heat deformed twice) is lower than that of ZM-HD2 sample (zonemelted sample, deformed twice).
2.5.2.4 Novel Nanostructuring and Compositing Strategy to Enhance ZT of
Bi2Te3-based Materials
The research on nanostructures from super-lattices to bulk nanocomposites have
provided reliable experimental evidence that nanostructuring can effectively improve the TE
properties. As discussed early, increasing the presence of interfaces and surfaces would
enhance phonon scattering, thereby yielding a low L. Furthermore, nanoscale structures or
nano-inclusions may selectively scatter the low energy carriers, thereby improving the Seebeck
coefficient. In recent years, the research on nanostructures of Bi2Te3-based thermoelectric
materials, from superlattice structures, nanowires, and nanoplates to bulk nanograins, has been
very active. Here we only introduce the bulk nanostructured composites of Bi2Te3-based alloys,
considering the realistic application of bulk materials.
The preparation of nano-bulk materials commonly needs two basic procedures: the first
is the preparation of nanoparticles, and the second is the preparation of dense bulk solids. The
thermoelectric nanoparticles can be created by many methods, such as hydrothermal methods
and ball milling[168]. The thermoelectric nanoparticle can be assembled into a dense bulk sample
using various bottom-up methods, such as spark plasma sintering (SPS) and hot pressing (HP).
Ball milling is an effective industrial approach to obtain bulk nanocomposite materials.
In 2008, Poudel et al[169] reported nano-composites consisting of BixSb2–xTe3 bulk material with
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ZT of 1.4 at 373 K; the reported samples featured nano-scale grains, which were created by
mechanical milling of a commercial ingot; the enhanced ZT was the result of the remarkable
reduction in L arising from the strong phonon scattering at nanoscale interfaces. In addition to
ball milling, melt- spinning (MS) and self-sustaining heating synthesis (SHS) also hold promise
as the effective processing techniques to construct rich nanostructures for thermoelectric
performance enhancement. Kim et al. recently adopted a liquid-phase (Te-rich) compaction
melting spinning method to prepare Bi0.5Sb1.5Te3 with dense dislocation array around grain
boundaries[170]. As shown in Figure 2.16, by melt-spinning, the Bi0.5Sb1.5Te3 with excess Te
was formed into a eutectic phase with plate-like ribbons, and then excess Te liquid was
squeezed out during the SPS processing process. It was found that dense dislocation arrays
effectively scatter the phonons with medium mean free paths, leading to a significant decrease
in the lattice thermal conductivity[170]. As a result, a record-high ZT of 1.86 was obtained in the
excess Te melt-spun sample (Te-MS). However, such a high ZT can not be reproduced by other
group despite using the same processing strategies[171]. Tang et al. also adopted thermally
induced flash synthesis (TIFS) technique to fabricate Bi2Te3-based materials, which have
excellent thermoelectric performance[172].
Adding a nano/micro-scale second phases to construct composites is also an important
method to enhance the thermoelectric performance[173, 174]. Some nano-inclusions, such as
ZnTe[175], ZnO[176], Zn4Sb3[177], carbon nanotubes[178], graphene[179], metallic particles
181]

[180,

etc., were incorporated into Bi2Te3-based materials, which has been proven to be effective

for enhancing thermoelectric properties. For example, Li et al. has reported that adding SiC
nanoparticles can result in a 20% ZT enhancement in Bi2Te3-based materials

[182, 183]

. A ZT

value of up to 1.33 at 373 K was also obtained in Bi0.3Sb1.7Te3 incorporated with 0.4 vol% SiC
nanoparticles[72]. Recently, Wenyu Zhao et al. reported a high ZT of 1.5 at 300 K obtained in
p-type Bi0.5Sb1.5Te3 nanocomposite with 0.15 wt% superparamagnetic Fe3O4 nanoparticles[184].
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The benefit of the composite strategy to enhance thermoelectric performance mainly arises
from the suppression of phonon thermal transport due to the increase of interface density, and
the possible Seebeck coefficient enhancement due to the energy filtering effect, although the
nonaoparticle dispersion may also cause carrier scattering. Thus, compositing requires a
compromise between the reduced phonon thermal conductivity and carrier mobility.

Figure 2.16. (a) Schematic illustration of the liquid-phase compaction process. The Te liquid
(red) between the Bi0.5Sb1.5Te3 grains is expelled during the compaction process. Temperature
dependence of (b) the lattice thermal conductivity and (c) ZT for a Bi0.5Sb1.5Te3 ingot, a ball
milled sample (BM), a melt-spun sample (S-MS), and a liquid-phase compaction melt-spun
sample (Te-MS). [170]
The introduction of porous nano structures is another potential way to improve ZT. The
porous structure is usually introduced through chemical synthesis and subsequent sintering.
The existence of the porous structures can significantly impede the phonon transport, but it
may enhance the scattering of carriers, thereby reducing the electrical conductivity[185]; that is
to say, both the electrical and thermal conductivity would be decreased with increasing porosity.
If the reduction of thermal conductivity can compensate for the deterioration of electrical
performance, however, the ZT will be enhanced. There have been some successful examples
that were reported that the thermoelectric performance can be effectively improved by adding
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porous nano-structure [186-188].
2.5.3 Tin Selenide-based Thermoelectric Materials
2.5.3.1 Chief Characteristics of SnSe Materials

Figure 2.17. Crystal structures of α-SnSe (Pnma space group) along the (a) a-axis, (b) b-axis,
and (c) c-axis; and crystal structures of β-SnSe (Cmcm space group) along the (d) a-axis, (e)
b-axis, and (f) c-axis.[119](g) Schematic diagrams of harmonicity and anharmonicity; (h)
resonant bonding in SnSe. Here Ф(r), a0, and r are the potential energy, lattice parameter, and
distance between two adjacent atoms, respectively.[189]

Figure 2.18. Band structure of (a) α-SnSe and (b) β-SnSe.(figure adopted from Ref.[119])
Tin selenide (SnSe), which is a simple metal chalcogenide material consisting of earthabundant elements, is a promising medium-temperature lead-free thermoelectric material. As
shown in Figure 2.17, both α-SnSe (stable at T < ∼800 K) and β-SnSe (stable at T > ∼800 K)
are crystallized into the orthorhombic system, but they have different crystal space groups (α-
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SnSe is Pnma (#62), while β-SnSe is Cmcm (#63)). The crystal structure can be regarded as a
distorted rock-salt NaCl structure. The Sn and Se atoms are bonded with strong covalent bonds
to form two-atom thick double layers and then stacked along the a-direction. Notably, as shown
in Figure 2.17h, one Sn atom is coordinated with 7 Se atoms to form highly distorted Sn
polyhedral, in which there are three short (solid line in the Figure ) and four long (dashed line
in the Figure) Sn-Se bonds. Due to the highly disordered bonds, SnSe shows a high degree of
lattice anharmonicity (Figure 2.17g), which is considered to be responsible for the ultralow L
in SnSe materials.
Figure 2.18 clearly shows the calculated band structure of the α-SnSe and β-SnSe[190].
The α-SnSe has a bandgap of 0.59 eV, which is higher than that of β-SnSe (0.28 eV). In
addition, the band structure of SnSe features multi-valley valence band.
2.5.3.2 High Thermoelectric Performance of SnSe Single Crystals
In 2014, Zhao et al. reported an ultrahigh ZT of 2.6 at 923 K in SnSe single crystals along
the b-axis (Figure 2.19a)[110]. Such a high ZT has made SnSe materials a research hot spot in
the thermoelectric field. Such high ZT originates from their unusual and fascinating thermal
and charge transport. Firstly, SnSe possesses a high Seebeck coefficient and the value is as
high as 500 V/K. Secondly, the charge transport in SnSe shows significant anisotropic
behavior. The electrical conductivity along b and c directions are higher than that along the a
direction, which indicates much higher carrier mobility within the bc-plane of SnSe compared
to that perpendicular to it[110]. Lastly, the strong lattice anharmonicity leads to an ultra-low
intrinsic L (< 0.4 W m-1 K-1 at 923 K).
Through hole doping, it was found that the ZT, especially the average ZTave, is greatly
improved in Na-doped SnSe single crystal. As shown in Figure 2.19b, the ZT of Na-doped
SnSe single crystal ranges from 0.7 to 2.0 at 300-773 K, and the average ZTave reaches 1.34.
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This excellent performance can be attributed to the improved electron transport properties
enabled by the contribution of the multiple valence bands present in SnSe[191].

Figure 2.19. (a) Temperature dependent of ZT values along different axial direction. The insets
show the specimens cut along the three axes and corresponding measurement direction.[110] (b)
ZT values along different axial directions comparisons of hole doped SnSe and undoped SnSe
crystals[191].

Figure 2.20. (a) ZT values for p- and n-type SnSe with and without phase transition. Inset
images show the SnSe crystal structure (blue, Sn atoms; red, Se atoms) with the investigated
out-of-plane direction. The sample cleaved along the (100) plane and the diagram show
measurement direction. (b) Schematic illustration of out-of-plane charge and phonon transports
in n- and p-type SnSe. The colored dots represent the charge densities. The gray blocks
represent the two-atom-thick SnSe slabs along the out-of-plane direction (a axis) of SnSe.[192]
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In addition to hole-doped single crystal, electron-doped SnSe also shows ultra-high
thermoelectric performance. By substituting Bi on Sn sites, Sunglae Cho et al. reported n-type
SnSe single crystals with a maximum ZT value of 2.2 along b axis at 733 K. This was because
Bi doping can enhance electrical conductivity and maintain low thermal conductivity[193]. Zhao
et al. reported a peak ZT of ∼ 2.8 at 773 K in the out-of-plane direction for n-type SnSe crystals
after bromine (Br) doping [192], as shown in Figure 2.20; Br doped SnSe has an ultralow phonon
thermal conductivity and a high power factor in the out of plane direction, showing 2D phonon
transport and 3D charge transport[192].
2.5.3.3 Study of SnSe Polycrystalline Materials
Growing large-scale SnSe single crystals is very high cost and difficult. In addition,
single crystals usually suffer from poor mechanical properties due to the brittleness of crystals.
These factors make SnSe single crystals are un-suitable for large-scale practical applications.
Therefore, developing high-performance polycrystalline SnSe materials is very necessary. The
techniques for synthesizing SnSe polycrystalline include melting or solid-state reaction,
mechanical alloying, and solvo-thermal method. Spark plasma sintering (SPS) and hot pressing
(HP) are widely employed to fabricate dense bulk SnSe materials.To date, the ZT values of
polycrystalline SnSe are still lower than for single crystals due to its low σ, low S and high
κ[194]. The thermoelectric properties of typical polycrystalline SnSe are summarized in Table
2.1. Doping, texturing and nano-compositing are the common strategies for ZT enhancement
in the SnSe polycrystalline material system.
Doping is an effective way to optimize the carrier concentration of SnSe polycrystalline.
Generally, polycrystalline SnSe is of the hole conduction type due to the Sn vacancies. So, the
transformation from p-type to n-type needs donor doping. For p-type doping, the most common
method is to use monovalent or divalent metal elements, including I-A group alkali metals
(Li[195], Na[196, 197], and K[197]), I-B group metals (Cu[198] and Ag[199]), II-A group alkaline earth
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metals (Ca, Sr and Ba[200]) and II-B group metals (Zn[201]), to substitute on Sn sites to provide
holes. Donor doping can adopt halogens (Cl[202], Br[203], and I[204]) to substitute on Se sites or
V-A group metals (Bi)[205] to substitute on Sn sites. The undoped polycrystalline SnSe prepared
by traditional melting and hot-pressing methods shows poor thermoelectric performance with
a maximum ZT of 0.4 at 820 K[206]. Figure 2.21a gives the temperature-dependent ZT and
average ZT for some typical chemically doped polycrystalline SnSe samples. As we can see,
most of the dopants can improve the thermoelectric properties, because the doping can improve
the electrical conductivity by tuning the carrier concentration, and it simultaneously reduce
thermal conductivity due to the introduction of point defects.

Figure 2.21. (a) Temperature-dependent ZT for polycrystalline SnSe with chemical dopant.
(b)Average and peak ZT polycrystalline SnSe with chemical dopants. (c) Temperaturedependent ZT for polycrystalline SnSe with inclusions. (d) Average and peak ZT of
polycrystalline SnSe with chemical dopants. (figures adopted from Ref.[112])
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Table 2.1. A Summary of the thermoelectric performance for polycrystalline SnSe. The
synthesis and fabrication methods include mechanical alloying (MA), melting (M), the
hydrothermal method (HT), the solvothermal (ST) method, spark plasma sintering (SPS) and
hot pressing (HP).
Strategy

Type

Synthesis

ZTmax

T



S



PF
-1

-2

(K)

(S.cm-1)

(V/K)

(W.cm K )

(W.m-1K-1)

Ref.

1% Na doping

p

M+SPS

~0.75

~823

~49.6

~311.1

~4.8

~0.53

[207]

1% Ag doping

p

M+HP

~0.6

~750

~45.9

~ 344.1

~5.4

~0.68

[199]

1% K doping

p

MA+SPS

~1.1

~773

~18.6

~421.4

~3.3

~0.24

[208]

1%Zn doping

p

MA+HP

~0.96

~873

~74.1

~328.5

~8.0

~0.73

[201]

1%(Na+K) doping

p

MA+SPS

~1.2

~773

~35

~375

~4.9

~0.32

[197]

SnSe0.95-

n

M+SPS

~0.7

~793

~28.9

~414.0

~5.0

~0.60

[205]

SnSe0.95-3%PbBr2

n

M+HP

~0.54

~793

~36.0

~360

~4.7

~0.72

[203]

10%Br doping

n

M+HP

~1.3

~773

~28

~400

~4.5

~0.26

[209]

Sn0.98Se

p

ST+SPS

~1.36

~823

~72.4

~309

~7

~0.42

[210]

2%Pb

p

HT+SPS

~1.4

~773

~30

~320

~3.1

~0.21

[211]

+ 1.5 vol% PbTe

p

M+HP

~1.26

~880

~95

~300

~9.2

~0.64

[212]

+1% PbSe

p

HT+SPS

~1.7

~873

~74.8

~344.9

~8.9

~0.55

[213]

0.4%BiCl3

doping+5%VSn

Due to its layered structure, polycrystalline SnSe shows obviously anisotropic electron
and thermal transport properties, which is similar with the case of SnSe single crystals. Thus,
the transport properties of SnSe are affected by the grain orientation. Generally, the power
factor is relatively larger if most of the grains are aligned along the crystallographic b or c axis.
The degree of texture can be enhanced by different fabrication techniques like cold-pressing,
hot pressing (HP), hot deformation (HD), spark plasma sintering (SPS), and solvo-thermal
methods[112]. In particular, hydro- or solvothermal methods have significant advantages in
achieving high texture compared with traditional melting and mechanical alloying. By utilizing
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hydro- or solvothermal methods, we can synthesize micro/nanosized single crystals with strong
anisotropy. Furthermore, the sintering process assembles these nanoscale crystals together and
maintains their highly anisotropic features. Recently, combining hydro- or solvothermal
methods with SPS has resulted in a great progress in the ZT of polycrystalline SnSe (Table
2.1). For example, Chen et al fabricated Sn0.98Se via a facile solvothermal method, which
possessed high anisotropy and high power factor[214].
Nanocompositing is another important strategy for ZT improvement in polycrystalline
SnSe materials. Figure 2.21 c, d plots the thermoelectric properties for polycrystalline SnSe
composites with second-phase inclusions. As we can see, by incorporating solid solution or
second phase inclusions, the ZT of SnSe shows a large improvement due to the strong phonon
scattering resulting in low L. It can be noted that a record-high ZT od 1.72 was achieved by
incorporating 1 % of PbSe into polycrystalline SnSe[213].However, because it is hard to achieve
very strong anisotropy as in a single crystal, polycrystalline SnSe has a relatively lower power
factor and ZT than SnSe crystal.
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Chapter 3: Methodologies
In this chapter, the experimental methods related to this thesis research will be
briefly introduced. The experimental methods will include the material fabrication, phase
and microstructure characterization, and the measurement of thermal and electron
transport properties.
3.1 Material Fabrication
3.1.1 Synthesis Method
The material synthesis was carried out using the common solid-state reaction or
melting method. This method is low cost and relatively simple, which makes suitable for
large-scale production of TE materials. The general process of solid-state reaction
involves the following procedures: (1) the raw chemical elements were first weighed and
mixed in an argon-filled glove box (since operating in glove box can protect the precursor
chemicals from oxidation and moisture absorption). (2) The mixed powder was
transferred into a quartz ampoule and then sealed by flame under vacuum. (3) The sealed
quartz tube was put into the furnace to make the raw materials react at the proper
temperature. Notably, specific temperature programs were considered for different
materials.
3.1.2 Powder Processing
In order to obtain a high quality homogenous product, the materials synthesized by
melting or solid-station reaction need annealing, which is usually carried out to keep the
temperature below the melting point of the compound for several hours before cooling
down to room temperature.
Ball milling is an effective method to produce a homogeneous products and obtain
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nanoscale grains. The raw materials were milled on a planetary ball miller with an
appropriate sample to ball ratio, time, and rotation speed. To prevent the materials from
being oxidized, Ar and H2 gases can be used to fill the grinding jar.
3.1.3 Sintering Methods
The as-prepared product should be ground into powders and tsintered into highly
densified bulk samples, so that samples have good mechanical properties to support the
measurement of thermoelectric properties. In this thesis research, we adopted the spark
plasma sintering (SPS) method to obtain bulk samples. Figure 3.1 illustrates the
configuration of SPS and the sintered bulk samples. SPS provides heat by using pulsed
electrical current, so it allows a rapid heating rate (i.e., up to 1000 °C min-1) and a shorter
sintering time (i.e., 5-10 min) at a lower sintering temperature compared with traditional
sintering methods [1-3]. SPS shows a much higher sintering efficiency for the fabrication
of thermoelectric bulk materials. In addition to that, SPS shows superior sintering
advantages, such as minimizing grain growth and strong preferential orientation [4] due to
the fast-sintering by SPS.

Figure 3.1. Schematic illustration of spark plasma sintering and the sintered bulk
materials.[5]
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3.2 Material Characterizations
3.2.1 X-ray Diffraction (XRD)
X-ray diffraction (XRD) is a common characterization method for crystalline
materials; It is very useful to identify phases, crystal orientations, and other structural
parameters, such as grain size, crystallinity, strain, and crystal defects [6]. XRD is based
on Bragg’s law, as illustrated in Figure 3.2a. Bragg’s law gives the required basic
condition for the occurrence of constructive interference.

Figure 3.2. (a) Bragg’s Law defining the conditions for the occurrence of diffraction
peaks (https://h-and-m-analytical.com/wp/xrd/).). (b) Schematic illustration of X-ray
diffractometer instrument (http://xrd.co/component-parts-x-ray-diffractometer/).
According to Bragg’s law, the relationship among the wavelength of the incident
beam, the angle of the diffracted beam, and the spacing of atoms can be expressed as
follows:

n  2d sin
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3.1

Where d is the spacing between diffracting crystal planes, θ is the angle between
the incident ray and the surface of the reflecting crystalline network, n is the integer
indicating the diffraction order, and λ is the wavelength of the emitted X-ray. The XRD
diffractometer (Figure 3.2b) is generally composed of the X-ray source, a sample holder
and a detector. The X-rays can be generated when the metal target irradiated by a beam
of high-energy electrons. A copper target is commonly used as the X-ray generating
material, and the wavelength of Cu Kα radiation is 1.5418 Å. In the X-ray diffractometer,
if the incident X-rays interacting with the sample satisfy the Bragg equation, a diffraction
peak will be attained at the position of 2.
In this research work, we mainly used a GBC-MMA X-ray diffractometer and an
Empyrean XRD instrument to characterize the crystallographic materials. The phase,
anisotropy, and lattice parameters of samples were obtained by using XRD data.
3.2.2 Scanning Electronic Microscopy (SEM)
Scanning electronic microscopy (SEM) can be used to study the surfaces of solid
materials. SEM uses a beam of focused electrons to generate an image by scanning over
the specimen. Figure 3.3 illustrates the principles of a typical SEM instrument. The basic
components of an SEM instrument includes the electron source, electromagnetic lens,
sample holders, and detectors. The interaction of the electron beam and materials will
stimulate emission of low-energy secondary electrons (SEI), high-energy backscattered
electrons (BSE), and diffracted backscattered electrons (EBSD). These signals are
collected over a selected surface area of the sample by detectors to form two-dimensional
images displayed on a cathode ray tube screen. The signals can reflect information about
the morphology and chemical composition[7].
Secondary electron imaging and backscattered electron imaging are commonly
used for surface analysis. Secondary electrons are suitable for observing the morphology
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of samples, while backscattered electrons are favorable for the composition contrast of
samples.
In this thesis, the microstructure of the bulk samples was observed by using a field
emission scanning electron microscope (FESEM), JSM- 7500FA model. The JSM-7500F
offers the ultra-high resolution at lower accelerating voltage and can handle samples up
to 150mm in diameter. It also has extreme imaging capabilities from10 to 300,000
magnification. In addition, the JSM-7500F is equipped with energy-dispersive X-ray
spectroscopy (EDS), which can be used for composition analysis.

Figure

3.3.

Principle

of

scanning

electronic

microscopy

(FE-SEM)

(https://www.tekportal.net/scanning-electron-microscope/).
3.2.3 Transmission Electron Microscopy Characterization
Transmission electron microscopy (TEM) can effectively observe the detailed
microstructures of samples, and it is a major analytical method in the physical, chemical
and biological sciences. If the thickness of the samples is ultrathin (less than 100 nm), the
electron beam can be transmitted through a specimen to form an image. Compared with
SEM, TEM requires a higher accelerating voltage that allows a much shorter wavelength
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of the electron beam. As a result, TEM microscopes have resolution high enough to
capture a single column of atoms due to the short wavelength of the electron beam.

Figure 3.4. Schematic diagram of scanning transmission electron microscope (STEM).
(https://en.wikipedia.org/wiki/Scanning_transmission_electron_microscopy)
Scanning Transmission Electron Microscopy (STEM) is a type of TEM. In STEM
mod (Figure 3.4), the convergent electron beam adjusted by microscope lenses can be
focused to a small spot with the size 0.05 – 0.2 nm in size; and then the focused beam is
then scanned across the samples in a raster illumination system to form an image. The
thus-formed images include bright filed (BF) images, annular dark-field images (ADF),
and high-angle annular dark field (HAADF) images. STEM shows high atomic number
contrast (Z-contrast) due to the scanning working method, which can provide the element
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information by mapping the intensity of high-angle scattered electrons. Thus, STEM can
be used for chemical mapping at atomic resolution by attached energy dispersive X-ray
spectroscopy (EDX) spectroscopy, and electron energy loss spectroscopy (EELS)
equipment.
In this thesis research, the TEM specimen were fabricated by using focused ion
beam milling (FIB). The microstructural and composition characterization were carried
out using a JEOL ARM200F microscope with spherical aberration correction system.
3.2.4 Electrical Transport Measurements

Figure 3.5. (a) Schematic diagram of Linseis LSR-3 Seebeck and electrical conductivity
measuring system. (https://www.linseis.com/en/products/thermoelectrics/lsr-3/). (b)
Schematic diagram of Ozawa Rz2001i Seebeck coefficient and electrical conductivity
measuring system (Model RZ2001i manual).
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The electrical conductivity () and Seebeck coefficient (S) of thermoelectric
materials were measured simultaneously by means of a static DC method.The electrical
conductivity can be obtained by the following equation:


1





I L

V A

3.2

Where  , L, A, I, and V are the resistivity, the length of the sample, the corss section
of the sample, the electrical current, and the measured voltage, respectively.
Seebeck coefficient is the electrical potential across a temperature gradient, given
by:
S

V
T

3.3

According to the above Equations, one can design a Seebeck coefficient and
electrical resistivity systems.
For this work, we used the Linseis LSR-3 system (Germany) and the Ozawa
Rz2001i system (Japan) to evaluate the electron transport properties of our materials.
Both systems are commercial instruments and the working principle of the LSR-3 and
RZ2001i systems are shown in Figure 3.5. The bulk samples should be cut into
rectangular shapes or circular cylinders with known dimensions. For the LSR-3 system,
the samples were positioned vertically between two electrodes. A heating element
(secondary heater) installed in the lower electrode block can generate a temperature
difference between two sides of the samples. The sample in the furnace is heated to a
certain temperature, and then the secondary heater will be activated to generate a
temperature gradient along the sample. Two thermocouples that are in contact with
sample surface can record the temperature difference (∆T). Meanwhile, one wire of a
thermocouple is used to measure the thermovoltage difference (∆V).Thus, the Seebeck
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coefficient will be obtained. The electrical conductivity was measured by the DC fourterminal measurement technique under thermal equilibrium conditions (ΔT = 0 K). When
a constant DC current (I) passes through the sample, the resulting voltage drop is again
measured by using the thermocouple wires .The electrical conductivity was then
calculated using the measured resistance and the dimensions of the sample. For the
RZ2001i system, two parallel platinum wires were wrapped around the sample to measure
the temperature drop. The temperature difference is controlled by cold air flowing through
a quartz double tube. Actually, both systems have the same working principle.
To obtain accurate measured values, the slope method is be used. Specifically,
under varying temperature differences (ΔT), the corresponding generated voltages (ΔV)
are measured, and the slope of ΔV versus ΔT curve is then measured.
3.2.5 Hall Effect Measurement
We can obtain the carrier concentration (n) and carrier mobility () from the Hall
coefficient (RH). The Hall Effect setup is shown in Figure 3.6. . When a magnetic field is
applied, the charge carriers in the semiconductors can experience the Lorenz force in a
direction perpendicular to both the magnetic field and the current. As a result, a Hall
voltage will be generated at the semiconductor edges. The Hall voltage can be measured
and determine the Hall coefficient determined based on the following equation:
VH 

I x BZ RH
ph2  ne2
V t
 RH  H 
t
I x BZ e  ph  ne 2

3.4

Where t is the thickness of the sample, e is the electron charge, μh and μe are hole
and electron mobilities, n is the electron concentration, and p is the hole concentration.
Most thermoelectric materials are heavily doped semiconductors, so the Hall
coefficient can be simplified as follows:
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According to the above equation, we can obtain the carrier concentration from the
Hall coefficient.
The Hall carrier mobility can be calculated by using the following Equation:
   RH

3.7

Figure 3.6. Hall Effect measurement setup (https://en.wikipedia.org/wiki/Hall_effect)
3.2.6 Thermal Transport Measurement
The thermal conductivity () can be calculated by:
  DC p d

3.8

Where D is thermal diffusivity coefficient, Cp is the heat capacity, and d is the
density of the sample. The density of a sample can be measured b the Archimedes Method
or the ratio of mass to volume of the sample. The heat capacity can be obtained by
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differential scanning calorimetry (DSC), and the thermal diffusivity can be measured by
the laser flash method.
In this work, the heat capacity was measured by using a Netzsch DSC 204F1
instrument. The fundamental principles of differential scanning calorimetry (DSC) and
the equipment are shown in Figure 3.7. The Cp can be obtained by measuring the
temperature difference between the sample and the reference sample. Specific heat can
be calculated using the ratio method.

Figure 3.7. (a) Fundamental principle of DSC; (b) photograph of DSC204 instrument
(https://www.netzsch-thermal-analysis.com/en/landing-pages/differential-scanningcalorimetry-dsc-differential-thermal-analysis-dta/).

Figure
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(https://www.netzsch-thermal-

analysis.com/en/landing-pages/principle-of-the-lfa-method/).
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The thermal diffusivity is a material property that can characterize their heat
conduction, which can be describe as how quickly a material responds to a change in
temperature. The most commonly used technique for the measurement of thermal
diffusivity is laser flash method analysis (LFA). The principle of the LFA method is
illustrated in Figure 3.8. In the LFA method, a short laser pulse is utilized to heat the
lower surface of the sample, and an infrared detector can measure the temperature change
on the upper surface. The typical signals collected by the detector are shown in Figure
3.8b (red curve). The thermal diffusivity can be obtained by using the using the half time
(t0.5, time value at half signal height) and the sample thickness (d), which is given by:

D  0.1388d 2 / t0.5

3.9

In this thesis research, we performed thermal diffusivity measurement by using the
Linseis LFA1000 and Netzsch LFA 467 instruments.
3.2.7 Thermal Expansion Measurements
The temperature dependence of the mechanical properties are the key design
parameters for thermoelectric devices. Since thermoelectric devices usually work under
a thermal gradient, it stresses are unavoidably generated by thermal expansion mismatch
and thermal gradients. Thermal expansion is an important index that can help in
identifying “bloating” behavior in materials. Linear thermal expansion is an important
variable for assessing the size changes of a material in resonse to temperature changes,
which is defined as:
L 
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1 dL
L0 dT

3.10

Figure 3.9. Operating principle of Thermomechanical Analysis (TMA) instrument
(https://www.netzsch-thermal-analysis.com/en/products-solutions/thermomechanicalanalysis/tma-402-f1f3-hyperion/).
In this thesis work, the thermal expansion measurements were carried out by using
a Netzsch Thermomechanical Analysis instrument (TMA 402 Hyperion). The working
principles of the TMA 402 is shown in Figure 3.9. The length change of the specimen in
response to the temperature change can be measured by a highly sensitive inductive
displacement transducer via a pushrod and then transformed into a digital signal.
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Chapter 4: Enhancing the Thermoelectric Performance of
Polycrystalline SnSe by Decoupling Electrical and Thermal
Transport through Carbon Fiber Incorporation
This chapter was published in ACS Applied Materials & Interfaces journal (ACS
Appl. Mater. Interfaces 2020, 12, 11).
4.1 Abstract
Thermoelectric (TE) materials have attracted extensive interest due to their ability
to achieve direct heat-to-electricity conversion. They provide an appealing renewable
energy source in a variety of applications by harvesting waste heat. The record-breaking
figure of merit reported for single crystal SnSe has stimulated related research on its
polycrystalline counterpart. Boosting the thermoelectric conversion efficiency requires
increases in the power factor and decreases in the thermal conductivity. It is still a big
challenge, however, to optimize these parameters independently due to their complex
interrelationships. Herein, we propose an innovative approach to decouple electrical and
thermal transport by incorporating carbon fiber into polycrystalline SnSe. We show that
the incorporation of conductive carbon fiber (CF) can successfully enhance the electrical
conductivity while greatly reducing the lattice thermal conductivity of polycrystalline
SnSe. As a result, a high thermoelectric figure of merit (ZT) of 1.3 at 823 K is obtained
in p-type SnSe/CF composite polycrystalline materials. Furthermore, SnSe samples
incorporated with carbon fibers exhibit superior mechanical properties, which are
favorable for device fabrication applications. Our results indicate that the dispersion of
carbon fiber can be a good way to greatly improve both thermoelectric and mechanical
performance.
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4.2 Introduction
Thermoelectric (TE) materials are currently of great interest and are of great
significance in the field of sustainable energy utilization because they provide green and
reliable energy by directly converting waste heat into electricity

[1, 2]

. The ideal

thermoelectric materials for generators should possess high thermoelectric conversion
efficiency which is determined by the dimensionless figure of merit (ZT), defined as ZT
= S2σT/κ, where S, σ, κ, and T are the Seebeck coefficient (S), electrical conductivity (σ),
total thermal conductivity (κ) (sum of electronic (κe) and lattice (κL) thermal
conductivity), and the absolute temperature (T), respectively

[3, 4]

. A perfect

thermoelectric material requires a large S, high σ, and low κ. Thus, the key to improving
ZT is to synergistically optimize these parameters and the aim is to increase the power
factor (PF = S2σ) and to decrease the thermal conductivity (κ). It is challenging, however,
to optimize the above parameters independently due to their complex interrelationships
[5, 6]

. For example, improvement of σ usually results in the reduction of S and an increase

in κe. Over the past few decades, numerous approaches have been taken to greatly improve
the TE performance of existing and new materials. These include: resonant doping[7],
band convergence[8, 9], and energy filtering effects[10]for enhancing the power factor, and
solid solutions, nanostructuring, and all-scale hierarchical structuring for reducing κ[11-13].
Alternatively, seeking new compounds with low intrinsic thermal conductivity

[14, 15]

is

also a good way to achieve high ZT values.
Tin selenide (SnSe) is considered to be one of the most promising thermoelectric
materials for application in the medium temperature range because of its intrinsic ultralow
thermal conductivity and high thermal power [16]. A remarkable high peak ZT value of ~
2.6 at 923 K has been reported in p-type pristine and doped SnSe single crystals [17]. It is
very difficult, however, to apply for SnSe single crystals in practical thermoelectric
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devices and scale them up for industrial application because single crystals usually suffer
from poor mechanical properties, require complex crystal growth conditions, and have
high production costs. Therefore, it is preferable to develop polycrystalline SnSe
materials with comparable thermoelectric performance to single crystals.
Reducing thermal conductivity is a common and effective approach to improve ZT
values. Nanostructuring with superlattice structures, nanowires, and nanocomposites

[18]

has been employed to successfully enhance ZT in many material systems. In particular,
introducing nanoscale grain boundaries or nanoscale second phases provides a simple and
effective way to lower the thermal conductivity and thus further improve the
thermoelectric performance

[19]

. It has been reported that thermoelectric composite

materials with nano-inclusions such as carbon nanotubes [20, 21], graphene [22-25], and SiC
[26]

show significantly enhanced thermoelectric performance. For example, our group

made a breakthrough in the thermoelectric performance of Cu2Se with a record level ZT
of 2.4 at 850 K by introducing carbon-graphite nanostructure inclusions into the matrix
[27, 28]

. The dispersion of nano-inclusions within the matrix can lead to a large reduction

in thermal conductivity due to the increased interface density, but it may also degrade the
electrical transport properties because the extrinsic nanometer-sized impurities tend to
agglomerate easily and cause strong scattering of carriers. Actually, it is very difficult to
simultaneously make significant reductions in the thermal conductivity and
improvements in the electrical conductivity in a hybrid material by incorporating
particles.
In this work, we investigate the effects of incorporating a small weight fraction of
carbon fibre (CF) into polycrystalline SnSe on its thermoelectric performance. It is
anticipated that the dispersion of CF with high electrical conductivity in SnSe matrix may
promote the transport of charge carriers, thereby improving the electrical conductivity of
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the SnSe/CF composite. In addition, the introduction of CF may create a high density of
interfaces with large thermal resistance, which can significantly scatter phonons, leading
to the suppression of lattice thermal conductivity. Compared with carbon nanotubes and
graphene, the micro sized carbon fibre is less prone to agglomeration during sample
fabrication processes. This promotes a stable microstructure. Lastly, polycrystalline SnSe
has both poor mechanical properties and poor stability at high temperature. It has been
reported that a discontinuous fibre-reinforced ceramic matrix and metal matrix
composites usually exhibit enhanced mechanical performance

[29]

. Thus it is anticipated

that the addition of CF should improve the mechanical properties of SnSe materials
because the carbon fibre functions as an effective reinforcing agent.
Based on the above considerations, we successfully fabricated SnSe composite
materials by spark plasma sintering (SPS). As expected, adding CF into SnSe materials
not only enhanced the power factor, but also greatly decreased the thermal conductivity.
An impressively low lattice thermal conductivity was achieved, reduced to values as low
as 0.22 W·m-1·K-1, and a high ZT value up to 1.3 was obtained at 823 K for SnSe/CF
composites along the pressing direction. In addition, the significantly improved
mechanical properties of SnSe/ CF materials are favourable for thermoelectric device
fabrication.
4.3 Experimental Section
4.3.1 Sample Preparation
SnSe ingots were synthesized by weighing out an appropriate ratio of high purity
Sn (Sigma-Aldrich, 99.9%) and Se (Sigma-Aldrich, 99.999%) in a 15 mm diameter quartz
tube in an argon-filled glove box. The tube was flame-sealed under vacuum. To protect
the ingots from oxidation, the sealed quartz tube was placed inside a larger quartz tube
(also vacuum sealed) due to the tendency of the inner tube to break due to the differences
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in the thermal expansion coefficients of SnSe and quartz. The double-sealed quartz tube
was slowly heated to 1200 K over 5 h, held at this temperature for 8 h with the SnSe in
the liquid state, and then slowly cooled to 873 K over 3 d. The carbon fiber used as the
raw material for the sample is about 5-6 m in diameter. The carbon fibers were shredded
and ground into a powder. The SnSe ingot was then pulverized into a powder and blended
with carbon fibre powder (in a glove box) in SnSe:CF weight ratios of 1: x (x = 0.15%,
0.3%, 0.5%, 0.7%, and 1.0 %). The mixed powder was then loaded into a graphite die 20
mm in diameter and densified by spark plasma sintering under 50 MPa and at 500℃ for
5 min in vacuum, generating a cylindrically-shaped sample 20 mm in diameter and ~8
mm in height. Finally, the SnSe ingot was cut into round disks and rectangular bars along
the direction parallel to the pressing direction for thermal diffusivity and electrical
transport property measurements, respectively. The SnSe polycrystalline samples with
0%, 0.15%, 0.3%, 0.5%, 0.7%, and 1.0% wt% carbon fibres content were denoted as
SnSe, SnSe/CF015, SnSe/CF03, SnSe/CF05, SnSe/CF07, and SnSe/CF10.
4.3.2 Characterization
X-ray diffraction (XRD) analysis was conducted on a GBC MMA system using Cu
Kα radiation within a 2θ range from 10° to 70°. Scanning electron microscopy (SEM,
JEOL JSM-6490LV) and scanning transmission electron microscopy (STEM, JEOL
ARM200F) were used to investigate the phase composition and microstructures of the assynthesized bulk samples. Thin foils for STEM were prepared using focused ion beam
(FIB) milling (FEI Helios G3).
4.3.3 Transport Property Measurement
The Seebeck coefficient (S) and electrical conductivity (σ) were measured
simultaneously under vacuum using a commercial RZ2001i system. Thermal diffusivity
(D) was measured on a disk-shaped specimen ∼12 mm in diameter and ∼1 mm in
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thickness. Measurements were conducted along the direction parallel to the pressing
direction by using the laser flash diffusivity method (LINSEIS LFA 1000) under a helium
atmosphere. The specific heat (Cp) (Figure S 4.2) in the Supporting Information) was
determined by differential scanning calorimetry on a DSC-204F1 Phoenix under an argon
atmosphere using a gas flow rate of 50 ml/min in the temperature range of 300 K – 700
K, and then simulated to 823 K based on the Debye model. The Cp is in the range of 0.262
J·g-1K-1 – 0.281 J·g-1K-1 for the SnSe/CF samples. The thermal conductivity (κ) was
calculated by κ = DCpd, in which d is the density calibrated using the measured weight
and dimensions (Table 4.1). The error for the Seebeck coefficient and the electrical
conductivity is ∼5%. The error for the thermal conductivity is ∼5%, including an error
of ∼2% for the thermal diffusivity, ∼1% for the sample density, and ∼2% for the specific
heat capacity. The combined uncertainty for all of the measurements involved in the
calculation of ZT is around 15%. The room temperature Hall carrier concentration (nH)
was measured using a Quantum Design Physical Properties Measurement System. The
four-contact Hall-bar geometry was used for the measurements. At 330 K, the carrier
concentration (n) and carrier mobility (µ) were estimated from the formula: n = 1/(eRH)
and µ = σRH, where e and σ are the electron charge and the electrical conductivity,
respectively, and RH is the Hall coefficient for holes. The Vickers hardness measurements
were carried out using a Struers Emco-Test DuraScan-70.
4.4 Results and Discussion
4.4.1 Structural Characterization
The XRD patterns of pure SnSe and SnSe/CF are shown in a. All samples can be
indexed as the orthorhombic low symmetry phase with space group Pnma (62), matching
well with the standard SnSe phase (JCPDS 48-1224). No second phase such as carbon
was found within the detection limit, indicating that the addition of carbon into the matrix
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did not change the structure of SnSe. There is an obvious difference in the intensity of the
(400) and (111) reflection peaks, suggesting that the samples have a range of preferred
orientation. The degree of orientation preference can be commonly evaluated by the
orientation factor, F, using the Lotgering methods [30], defined by:
p(h00)  p0 (h00)
1  p0 (h00)

4.1

p0 (h00) 

I 0 (h00)
 I0 (hkl )

4.2

p(h00) 

I (h00)
 I (hkl )

F (h00) 

4.3

Figure 4.1 (a) X-ray diffraction (XRD) patterns of polycrystalline SnSe and SnSe/CF
samples; (b) the degree of orientation preference (400) of each sample from the Lotgering
method.
Where p and p0 are the ratios of orientation of the integrated intensities of all (h00)
reflection peaks to those of all (hkl) reflection peaks of preferentially oriented and nonoriented samples, respectively. ΣI(h00) and ΣI(hkl) are the sum of the integration of peak
intensities for the (h00) and (hkl) diffractions, respectively. In the case of an existing (hkl)
plane, F→1 corresponds to a perfect orientation of a single crystal and F→0 represents a
randomly oriented crystal[31]. The calculated F values of the (400) plane for all samples
are shown in Figure 4.1b. Interestingly, F decreases with increasing CF content, and the
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minimum F (0.1) is obtained when the content of CF reaches 1.0 wt%. This indicates that
the preferred orientation along the (h00) direction is reduced by incorporating CF into the
SnSe matrix. Reduced structural anisotropy is beneficial for maintaining the stability of
samples, mass production, and ease of processing in realistic applications.

Figure 4.2. Scanning electron microscope (SEM) images and energy-dispersive X-ray
(EDS) maps of the SnSe and SnSe/CF bulk samples. a) Secondary electron imaging (SEI)
image of the polished surface of SnSe/1.0CF; b) Backscattered electron (BSE) image of
SnSe/1.0 CF sample; c) Secondary electron image of the fractured surface of pure SnSe;
d, e) Secondary electron images of the fracture surface of SnSe/0.5CF; f) EDS maps of
SnSe/0.5CF, highlighting an exposed fiber.
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SEM images of the un-doped and 1.0 wt % CF-incorporated SnSe samples are
shown in Figure 4.2. From the SEM images of the polished surface shown in Figure 4.2a
and b, we observed that short carbon fibres (black spots) range in length from a few
micrometres to hundreds of micrometres, with several micrometres in diameter were
uniformly distributed throughout the matrix. Figure 4.2c shows a secondary electron
image of the freshly fractured surface of an un-doped sample. An obvious lamellar
cleavage pattern is observed in pure SnSe. The orientation preference is greatly
weakened, however, with the addition of CF, as indicated in Figure 4.2d and Figure 4.2e,
where such cleavage patterns across multiple grains are not evident. This is consistent
with the decrease in the orientation factor F that was observed earlier. From the fracture
surfaces, the typical grain dimension can be estimated. Compared with un-doped sample,
the grain size of the doped sample has been reduced greatly by the presence of CF,
indicating that the dispersion of CF can suppress the grain growth. The refinement of
grain size in the SnSe/CF composites can be attributed to the interfacial effects of the
fibres, which provide surface nucleation sites for the growth of SnSe crystallites. Energy
dispersive spectroscopy (EDS) mapping (Figure 4.2f) indicates that some Sn can be
selectively absorbed onto the CF surfaces. This indicates that there are some chemical
interactions between CF and Sn in the melt that result in the formation of potential
chemical bonds.
To further understand the nanostructures of SnSe/CF samples, STEM investigations
were performed on the SnSe/CF05 sample.Figure 4.3a is a low-magnification bright-field
(BF) image showing the embedded carbon phase (left) and the SnSe containing grain
boundaries and voids. The grain size of SnSe is observed to be in the range of several
hundred nanometres to micrometres. The medium-magnification high-angle annular
dark-field (HAADF) image in Figure 4.3 shows the interface between a CF and the SnSe
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matrix. In this imaging mode, carbon has a darker contrast than the SnSe matrix, and the
carbon and the SnSe matrix partially overlap (inclined interface). The interface is quite
irregular at this scale. The elemental map of a region of this interface (Figure 4.3c)
indicates that no interfacial phases have formed. The declining carbon intensity (bottom
left to top right) in the carbon map is a function of the oblique interface rather than a
diffusion profile. This map does not show the Sn segregation seen in the SEM image
(Figure 4.2). It is highly localised, however, and so the likelihood of capturing such a
region in a much smaller STEM specimen is extremely low. High resolution imaging of
the SnSe/CF interface is shown in Figure 4.3d. Some of the more apparent grain
boundaries are marked and these are extremely small (5-6 nm). The carbon fibre is
amorphous, and in the SnSe matrix, lattice fringes with d-spacing of 0.404 nm are
observed, which is similar (within the errors of calibration and measurement for STEM
images) with the d-spacing (0.415 nm) of SnSe (101) planes. Figure 4.3e is the Fourier
filtered image of the (101) atomic planes, taken from the boxed region in Figure 4.3d,
which shows the dense dislocations (marked by the red ⊥ symbols) in the vicinity of the
interface. The strain map of the STEM image in Figure 4.3d, was calculated by geometric
phase analysis (GPA) [32] and it shows the lattice strain field variations in the matrix. Sharp
changes in contrast are observed in the strain map around the dislocation cores. The highdensity of dislocations, combined with the local strain and thce phase interfaces
associated with interfacial defect regions, can be effective scattering centres for phonons,
which can reduce κL significantly.
4.4.2 Thermoelectric Properties
Due to the layered structure of SnSe and the uniaxial pressure of the SPS process,
polycrystalline SnSe samples have anisotropic transport properties. We firstly measured
the thermoelectric properties of SnSe/CF03 sample along parallel and perpendicular to
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the SPS pressing direction. As shown in Figure S 4.1, it was found that the thermoelectric
performance along pressing direction is better than that perpendicular to the pressing
direction. It has been reported that a higher ZT is usually obtained along the pressing
direction33-35. Thus in this section, we measured and reported the thermoelectric
properties of polycrystalline SnSe along the pressing direction.

.
Figure 4.3. STEM images of the SnSe/CF05 specimen. (a) Low magnification brightfield (BF) image showing the SnSe matrix (dark) and carbon phase (light). (b) Mediummagnification high-angle annular dark-field (HAADF) image showing the interfaces
between CF and the SnSe matrix. (c) EDS maps of the interface in (b); (d) Atomicresolution BF image showing the interface and interfacial defect regions. (e) Fourier
filtered image of the (101) reflection taken from the boxed region in (d), showing the high
density of dislocations. (f) Strain map of (d), which was calculated by geometric phase
analysis (GPA), showing the lattice strain field variations in the matrix.
The electrical transport properties (σ), Seebeck coefficient (S), and power factor
(PF) of pristine and SnSe/CF samples as functions of temperature are shown in Figure
4.4. In general, the σ for all samples shows the same temperature-dependence trend. A
low σ is observed between 300 and 600 K (Figure 4.4b), indicative of semiconducting
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transport behaviour. As the temperature further increases, σ increases rapidly due to the
thermal carrier excitations. In the low temperature range (< 600 K), CF additions result
in larger increases in σ than at temperatures above 600 K. The σ of pure polycrystalline
SnSe is 0.33 S·cm-1 at 330 K, while the corresponding value for the sample with 1.0 wt%
CF is 4.34 S·cm-1, a forty-fold increase (Table 4.1). The S of all the samples shown in
Figure 4.4a is positive, indicating that the samples are p-type. With increasing CF
content, the S value decreases due to the increasing trend in σ and carrier concentration
(nH) after CF addition. With increasing temperature, the S value increases slightly and
then decreases due to the bipolar effect from the activation of intrinsic excitation of
minority carriers at related temperatures. The result is consistent with other
polycrystalline SnSe materials 35-36. It is worth noting that the peak S value for a particular
SnSe/CF composition shifts towards higher temperature with increased CF content. This
can be attributed to an increase in carrier density, which can suppress the intrinsic
excitation, thereby reducing the contribution of the bipolar effect on S at higher
temperature. Combining σ with S, the power factor (PF) is shown in Figure 4.4c. The
maximum PF of 3.88 µW cm−1 K−2 at 823 K is achieved in the SnSe sample with 0.5 wt%
CF, which is 35%higher than that of pure SnSe (2.83 μW·cm-1K-2).

Figure 4.4. The electrical transport properties of SnSe and SnSe/CF samples.
Temperature-dependence of (a) the Seebeck coefficient; (b) the electrical conductivity;
(c) the power factor.
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Figure 4.5. Thermal transport properties of SnSe and SnSe/CF samples. Temperaturedependence of: (a) the total thermal conductivity (κ); (b) the lattice thermal
conductivity(κL); (c) the electrical thermal conductivity (κe).
Figure 4.5a shows the calculated temperature-dependence of the κ , determined
from κ = DCpρ. D and Cp are plotted in Figure S 4.2 in the Supporting Information, and
measured density (ρ) values are listed in Table 4.1 As the temperature increases, the total
thermal conductivities of all the samples gradually decline (Figure 4.5a), suggesting the
dominance of phonon-phonon scattering. Compared with the pure SnSe sample, the κ is
markedly reduced in the CF-doped SnSe samples. The minimum κ of ~0.22 W·m-1K-1
was achieved at 823 K by incorporating 0.5wt% CF into SnSe. The κ consists of two
parts, the electrical thermal conductivity (κe) and the lattice thermal conductivity (κL).
The κe can be estimated from Wiedemann-Franz’s law from the relation κe = LσT, where
L is the Lorenz number (see Supporting Information) which can be calculated by the
single parabolic band model37. The temperature dependences of κe and κL are shown in
Figure 4.5b and 5c respectively. It can be found that the κe values for all the samples are
less than 0.06 W·m−1 K−1, indicating that κL dominates κ. The incorporation of CF can
significantly suppress the κL of SnSe. For instance, the room-temperature κL is reduced
from ~0.6 W m−1 K−1 for SnSe to ~0.45 W·m−1 K−1 for SnSe/CF05 at the same
temperature. The minimum κL of SnSe/CF05 is 0.19 W·m−1 K−1 at 823 K (Figure 5b).
This value is significantly lower than most reported values for doped polycrystalline
samples (0.25–1.5 W m−1 K−1)33, 35-36, 38-41.
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Figure 4.6. (a) Schematic diagram of SnSe sample doped with carbon fibre to produce
3D conductive networks. (b) Schematic diagram of the band alignment of the SnSe/CF
samples; (c) Possible phonon scattering mechanisms in the SnSe/CF samples. (d)
Temperature dependence of the ZT values of the SnSe and SnSe/CF samples.
It is well known that electrical conductivity can be determined by the equation: σ =
neμ, where n, e, and μ are the carrier concentration, electron charge, and carrier mobility,
respectively. We measured the Hall coefficient (RH) and calculated the nH and μH values.
As shown in Table 4.1 and Figure S 4.3, the nH at 330 K increased monotonically with
CF additions, increasing from 3.61 × 1017 cm-3 for pure SnSe to 8.4 × 1018 cm-3 for
SnSe/1.0 CF wt%. The addition of a small amount of CF slightly decreased μH (Figure S
4.3) due to the increased carrier scattering. The enhancement of nH is much larger than
the reduction of μH, leading to an increase in σ. The properties of composites often
combine the advantages of both components and even produce special and superior
properties that are not available in any one component. Therefore, the SnSe/CF
composites show an obviously enhanced σ compared with the pure SnSe phase because
of the high σ of CF. The enhanced charge transport in the SnSe samples with CF
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incorporation can be readily explained by the formation of effective conduction paths
through the CF network (Figure 4.6a). When conducting charge carriers meet a junction
between the SnSe and CF, they can transfer or hop into the CF, which is beneficial for
charge transport. It is interesting to discuss the mechanism for the increase in nH in
SnSe/CF materials. One might think that carbon can be doped into the SnSe phase during
the consolidation process of the SnSe/CF hybrid powder using SPS. It is difficult,
however, to determine whether any of the carbon dopant diffuses into the crystal lattice.
The carbon atom is a very weak scattering of electrons and produces very low energy Xrays. The makes electron microscopy-based methods challenging. Many interfering
signals from superficial impurities containing carbon make unambiguous spectroscopic
detection (e.g. by X-ray photoelectron spectroscopy (XPS) or electron energy loss
spectroscopy (EELS)) difficult. Another mechanism for the enhanced nH can be attributed
to the band alignments between SnSe and graphite, as shown in Figure 4.6b. The work
function (WSnSe) of SnSe and its band gap (Eg) are 3.9142 and 0.61 eV43, respectively,
while the work function of graphite is 4.46 eV

44

. This means that the Fermi level of

graphite is lower than the valence band energy of SnSe. The part of the electrons around
the Fermi level of SnSe can be transferred to the CF interfaces, which will lead to an
increase in the hole concentration in the valence band of SnSe.
According to the rule of mixtures, the κL in a classic composite should lie between
those of the two component materials. The effective κL in the SnSe/CF composite samples
is significantly lower, however, than those of both pure SnSe and CF. SnSe has an
intrinsically low κL, which is derived from the layered structure, combined with giant
phonon anharmonicity of the bonding arrangement45. Beyond that, lattice softening and
full-spectrum phonon scattering will be responsible for reducing κL due to defects of
different dimensionalities, such as lattice defects (including zero-dimensional (0D) point
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defects and one-dimensional (1D) dislocations) and boundaries (including twodimensional (2D) intrinsic grain boundaries and phase boundaries)46. A schematic
diagram of possible phonon scattering mechanisms is shown in Figure 4.6c. Firstly, from
the microstructural analysis of the SnSe/CF samples, we know that the addition of CF
causes grain refinement of SnSe and thus increases the density of grain boundaries,
leading to effective phonon scattering. Secondly, the high density of lattice dislocations
observed in the SnSe/CF samples would scatter more phonons with low- and mid-range
frequencies. Last but not least, the reduction of thermal conductivity in SnSe/CF
composites indicates that the presence of interfaces between CF and SnSe represents a
substantial barrier to heat flow. The interfacial thermal boundary resistance (TBR), which
is defined as the ratio of the temperature discontinuity at an interface to the heat flux
flowing across that interface

47

, will play the dominant role in suppressing the heat

transport in the SnSe/CF composites.
Table 4.1. Electrical conductivity, Hall mobility, carrier concentration, and density for
SnSe and SnSe/CF samples measured at 330 K.
Electrical

Carrier

conductivity

Concentration

(S·cm-1)

(1019cm-3)

x=0

0.33

x=0.15

Hall mobility (cm2·V-1s-

Density

1

)

(g/cm3)

3.61×10-2

5.71

5.89

0.76

8.50×10-2

5.58

5.78

x=0.3

1.26

0.15

5.25

5.71

x=0.5

2.05

0.265

4.84

5.66

x=0.7

3.59

0.53

4.23

5.47

x=1.0

4.34

0.84

3.23

5.29

SnSe/xCF
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Figure 4.7. (a) Electrical conductivity (σ) and Power factor (PF) at 823 K as a function
of the carbon fiber contents (circular points relate to the left axis, hexagonal points to the
right axis). (b) Lattice thermal conductivity (κL) and σ/ κ ratio as functions of the carbon
fiber content (squares points relate to the left axis, circular points to the right axis). The
dash line and selected arrows/points are only guides to the eye.

Figure 4.8. Comparison of (a) thermal conductivity (κ) and (b) the figure-of-merit (ZT)
for SnSe/CF05 (this work) and other reported SnSe systems. The error bar represents the
uncertainty of ZT, about 15% in this work.
Based on previous research, the acoustic mismatch model (AMM) could be used to
interpret the thermal transport at solid-solid interfaces47. The AMM is based on the idea
of partial transmission of phonons across an interface due to differences in density and
sound velocity between the two media48. According to the AMM model47, we calculated
the interfacial thermal resistance (Rk) between SnSe and CF. The Rk value for SnSe:C
interfaces is as high as 1.39 × 10-6 m2K/W, which is much larger than that for SnSe:SnSe
interfaces (4.03 × 10-8 m2K/W). The large thermal resistance of SnSe:CF interfaces arises
from the large number of higher-frequency vibrational modes in the amorphous C relative
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to SnSe, resulting in an increase in the time constant required for return to thermal
equilibrium49, that is to say, most of the phonons are trapped at the interface. The phonons
carrying heat are scattered, trapped, and decay at the SnSe/CF interfaces, which constitute
a barrier to heat flow and may be the reason for the significant decrease in the thermal
conductivity of the SnSe/CF composites. Although the exact mechanism has not yet been
fully explained, it is worth investigating further due to the scientific and practical
significance of the interface-controlled composites in thermoelectric studies.
Additionally, the materials with ultralow κL have potential applications in thermal barrier
coatings for insulation.
The temperature-dependence of ZT for the SnSe samples with different CF contents
are shown in Figure 4.6d. A remarkably high ZT value of 1.3 has been achieved for the
SnSe/ CF05 sample at 823 K. The high ZT originates from the effective decoupling of
the thermal and electrical conductivity properties by incorporating CF. Figure 4.7 shows
the σ, PF, κL, and the σ/κ ratio as functions of the CF content. It reveals that the presence
of CF could enhance electrical transport and simultaneously suppress heat transfer in the
SnSe samples. This indicates that the incorporation of CF can be an effective and scalable
approach to a decoupling of the thermal and electrical conductivity, leading to an
enhanced ZT. To highlight the advantages of SnSe/CF systems, we compare the κ and ZT
of the SnSe/CF05 sample with other reported SnSe samples. As shown in Figure 4.8a,
the κ of our SnSe/CF05 composite sample is significantly lower than for the majority of
chemically doped or solvothermal prepared SnSe materials33, 35-36, 38-41, and is comparable
to the κ of SnSe single crystal along the a-axis (the smallest κ of the three crystal axes)17.
Figure 4.8b shows the comparison of the ZT values of SnSe/CF05 sample in this work
with those of the other referenced chemically-doped or solve-thermal prepared SnSe
materials. To our knowledge, the recently reported high performance of SnSe
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polycrystalline materials are mainly prepared by solvethermal or hydrothermal methods33,
35, 36

, but the ZT of pollycrystalline SnSe materials which are prepared by solid-phase

reaction are still low. Notably the ZT of the SnSe/CF05 composite sample is higher than
that of many chemically-doped SnSe materials prepared by solid-phase reaction.

Figure 4.9. The Vickers hardness of SnSe samples with different CF contents.
4.4.3 Mechanical Properties
In addition to thermoelectric performance, the mechanical properties of
thermoelectric materials are equally important for device application due to the
manufacturing process and operational durability requirements. SnSe is a material with
van der Waals bonded layers, and is particularly prone to suffer from poor mechanical
properties. The CF has considerable strength and can act as a reinforcing agent for
strengthening composites. To assess the mechanical properties, Vickers hardness
measurements on SnSe/CF samples were carried out (Figure 9). The hardness of the pure
SnSe sample was only 0.20 GPa, while the SnSe/CF samples showed a markedly
enhanced Vickers hardness. This increased with increasing amounts of CF. The hardness
of SnSe/CF05 and SnSe/CF10 was 0.5GPa and 0.8GPa, respectively, which is 2.5× and
4.0× times enhancement over that of the pure SnSe matrix, respectively, indicating great
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improvement of the mechanical properties. Therefore, CF could play a crucial role in
enhancing the mechanical properties and behaving as an ideal strengthening agent in CFreinforced composites. The enhancement of hardness of SnSe/CF composites could
attributed to the following factor: 1) the Young’s modulus of carbon fibres is 250 GPa,
which is near four times that of SnSe matrix (65 GPa50). It means that the network
skeleton of carbon fibres in the matrix could effectively bear the load applied to the
composite to resist the deformation; 2) from the SEM image in Figure 2, the carbon fibres
has high rough surfaces and there should be strong interfacial cohesion strength between
the fibres and matrix. Thus, the cohesion interfaces can transfer load more efficiently. We
believe the intrinsic strength of carbon fibres and strong interfacial strength between
fibres and matrix are responsible for the enhancement of hardness. In fact, the
enhancement of mechanical properties such as hardness by incorporating carbon into
matrix has been reported in other thermoelectric material systems such as Cu2Se 23 and
skutterudite51. SnSe/CF composites represent a mechanically robust and high
performance thermoelectric material, and are very promising for device fabrication.
4.5 Conclusions
In summary, a new approach to enhancing the thermoelectric performance of SnSe
by introducing amorphous micro-carbon fibres (CF) into the matrix has been evaluated.
This work has demonstrated that the incorporation of CF can simultaneously increase the
electrical conductivity and greatly decrease the thermal conductivity because the
dispersion of carbon fibers optimizes the carrier concentration and provides additional
interfacial thermal resistance to suppress of phonon transport. Thus, a high ZT of ~1.3 at
823 K was realized in the CF-incorporated samples. An added advantage of CF addition
is that the mechanical strength (Vickers hardness) is also greatly improved, a key factor
for device longevity. The highly beneficial effects of CF addition to SnSe provide a new
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avenue for enhancing thermoelectric performance and device durability in other
thermoelectric materials.
4.6 Supporting Information
4.6.1 Lorenz Number Calculation
In general, the total thermal conductivity (κ) consists of the electronic thermal
conductivity (κe) and the lattice thermal conductivity (L). The electronic part κe is
directly proportional to the electrical conductivity σ through the Wiedemann-Franz
relation, κe = LσT, where L is the Lorentz number and its value is calculated by the single
parabolic band (SPB) model. The Lorenz number can be given as:
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For the Lorenz number calculation, we should get reduced Fermi energy η firstly;
the calculation of η can be derived from the measured Seebeck coefficients by using the
following relationship:
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Where e is the electron charge, kB is the Boltzmann constant, h is the Planck
constant, and r is the scattering factor. Assuming that the carrier scattering mechanism
near room temperature is dominated by acoustic phonon scattering r can be taken as -1/2.
The Lorenz number can be obtained by combining Equations S 4.1, S 4.2 and S 4.3.
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4.6.2 Anisotropic Thermoelectric Properties of SnSe/CF Samples
The polycrystalline SnSe/CF03 sample shows obvious anisotropic transport
properties. Due to the layer structures of SnSe, the grains have preferred orientation along
the sintering pressing direction. As shown in Figure S 4.1, the electrical conductivity and
thermal conductivity along perpendicular to the pressing direction is more than that along
parallel to pressing direction.

Figure S 4.1. Thermoelectric properties of SnSe/CF03 measured along parallel (∥ solid
symbol) and perpendicular (⊥ open symbol) to the SPS pressure direction: (a) Seebeck
coefficient; (b) electrical conductivity; (c) thermal conductivity; (d) ZT.
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4.6.3 Heat Capacity and Thermal Diffusivity

Figure S 4.2. Temperature dependence of (a) the specific heat capacity (Cp) and (b) the
thermal diffusivity (D) of SnSe and SnSe/CF samples.
4.6.4 Hall Carrier Density and Carrier Mobility
Figure S 4.3 shows the Hall carrier concentration and carrier mobility as a function
of CF contents. With the increasing CF content, the carrier concentration is significantly
increased, while the carrier mobility is reduced due to the impurity scattering.

Figure S 4.3 Carrier density and carrier mobility as functions of the CF content at 330 K.
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Chapter 5: Ultra-High Thermoelectric Performance in Bulk
BiSbTe/Amorphous Boron Composites with Nano-defect
Architectures
This chapter was published in Advanced Energy Materials (Adv. Energy
Mater.2020,10, 2000757.https://doi.org/10.1002/aenm.202000757).
5.1 Abstract
Based on the Seebeck and Peltier effects, state-of-the-art bismuth telluride-based
thermoelectric materials, which are capable of direct and reversible conversion of thermal
to electrical energy, have great potential in energy harvesting and solid-state refrigerators.
However, their widespread use is limited by their low conversion efficiency, which is
determined by the dimensionless figure-of-merit (ZT). Significant enhancement of ZT is
a great challenge owing to the common interdependence of electrical and thermal
conductivity. Here, we demonstrate that by incorporating nano-amorphous boron into the
p-type Bi0.5Sb1.5Te3, a record high ZT of 1.6 at 375 K is achieved. We show that a high
density of nanostructures and dislocations due to the incorporation of the boron
inclusions, leads to significant reduction of thermal conductivity and improved charge
transport. Our findings represent an important step to further promote the development of
thermoelectric technology and its widespread application in solid-state refrigeration and
power generation from waste heat.
5.2 Introduction
Thermoelectricity has emerged as a promising green energy technology due to the
distinct advantages of zero emissions, high reliability, silent and vibration-free operation
[1]

. However, its widespread application remains constrained by the relatively low

conversion efficiency, which is primarily governed by the dimensionless figure of merit
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ZT = S2σT/κ， where σ is electrical conductivity, S is Seebeck coefficient, T is the
absolute temperature, and κ is the thermal conductivity (κ = electronic (κe) + lattice
thermal conductivity (κL))[2-3]. The state-of-the-art bismuth telluride-based thermoelectric
(TE) materials have been used for refrigeration applications

[4]

. However, their ZT is

limited to about 1 at room temperature, making such cooling devices less powerful and
cost-competitive than other conventional technologies such as mechanical vaporcompression cooling systems. Further improving the ZT would facilitate their widespread
application in industrial waste heat harvesting and electronic device cooling [5].
Maximizing ZT requires the enhancement of the power factor (PF = S2σ) and the
reduction of thermal conductivity

[6-7]

. Several approaches have recently been

implemented to enhance ZT, including improvement of PF by optimizing carrier
concentration
[14]

[8-10]

, band convergence

[11-12]

, resonant levels

[13]

, energy barrier filtering

, and reducing κL by alloying[15], all-scale hierarchical architectures

nanostructuring

[19-21]

[16-18]

and

. In particular, reduction of κL by nanostructuring or through

formation of nanocomposites has been demonstrated to be an effective method to
significantly improve TE performance of bulk Bi2Te3-based (BT) materials. Forming
nanoscale precipitates within a bulk matrix by using thermodynamically/kinetically
driven techniques such as melting spinning
and thermally-induced flash synthesis

[26]

[22]

, ball milling

[23]

, hot deformation

[24-25]

,

have been recently employed to reduce κL to

further improve TE performance of BT. Alternatively, high densities of dislocation arrays
at grain boundaries are effective agents for reducing κL due to their strong scattering of
middle frequency phonons. This is in addition to the low and high frequency phonon
scattering occurring on grain boundaries and point defects, respectively

[27]

. The

remaining major challenge is to enhance PF while maintaining a low κ. The difficulty
arises because S, σ and κe are strongly coupled with each other, which means that an
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improvement in one parameter usually results in a negative effect on the other two
parameters. Note that κL is the only independent parameter determining ZT. However, the
introduction of phonon scattering sources to reduce κL, such as alloying, dislocations and
nano/meso-architectures, also enhances charge carrier scattering and reduced electrical
conductivity results [28].
Here we present a new strategy to significantly enhance PF while simultaneously
reducing κL by incorporating a small weight fraction of non-toxic, light-weight
amorphous nano-boron (B) particles into Bi0.5Sb1.5Te3 (BST). A record high ZT value of
1.6 at 375 K was achieved in the BST composite materials after incorporating boron
(BST/B). The significant enhancement of TE performance in the BST/B can be attributed
to the following synergistic strategies: i) significant reduction of κ by blocking ranges of
spectrum phonon transport via various phonon scattering structures like amorphous B
inclusions, in-situ high density of nano-precipitates and dislocation networks associated
with severe lattice strain; ii) enhancement of σ and slight reduction of S which results in
a higher PF. Our results represent an important step toward the widespread use of BST
materials in TE power generation and cooling devices.
5.3 Experimental Section
Bi0.5Sb1.5Te3 (BST) powder was prepared by hand grinding and the mixtures of
Bi0.5Sb1.5Te3 /x wt% (x=0, 0.03, 0.04, 0.06) were weighed out and mixed sufficiently in
a planetary ball mill for 10 minutes. Then the homogeneously mixed materials were
loaded into a Φ20 graphite die and densified by spark plasma sintering under 60MPa and
at 420℃ for 10 min. STEM imaging was carried out on a JEOL ARM200F instrument.
The Hall carrier concentration was measured by a 14 T Physical Property Measurement
System (Quantum Design, USA). The obtained cylinder ingots with the dimension of Φ20
mm x 8-9 mm were cut and polished into bars and coins along the cross-plane and in166

plane direction for the measurement of electrical transport and thermal properties,
respectively. The electrical conductivity and Seebeck coefficient were measured
simultaneously in a Helium atmosphere using Linseis LSR3 system.The electrical
conductivity was measured by a four-point current-switching technique. The Seebeck
coefficient was measured by a static dc method based on the slope of a voltage versus
temperature-difference curve. Thermal diffusivity (D) was measured on a Netzsch LFA
467 by using the laser flash diffusivity method. The specific heat (Cp) was determined by
differential scanning calorimetry on a DSC-204F1 Phoenix under argon atmosphere. The
Cp at 300 K are between 0.188~0.191 J.g-1.K-1 for BST/B00-06 samples, which is very
close to the theoretical value (Cp=0.186 J.g-1.K-1) by the Dulong-Petit law for the BST
system (Figure S 5.13). So we use the average Cp value of about 0.191 for the calculation
of the thermal conductivity for all the temperature range. The density ρ was estimated
from volume and weight measurement. The thermal conductivity was then calculated
using the relation κ=DρCp. In order to ensure the reliability and reproducibility of the
measured data, we also provided the experimental results measured by a third-party
laboratory at Tsinghua University.
5.4 Results and Discussion
5.4.1 High Figure-of-Merit
Samples of composition BST with incorporating 0 wt%, 0.3 wt%, 0.4 wt%, 0.6 wt%
(BST/B-0, BST/B-0.3, BST/B-0.4, BST/B-0.6) were fabricated by powder processing
and followed by Spark Plasma Sintering (SPS). In order to avoid the overestimation of
ZT, all of the transport measurements were carried out in the same directions (parallel
and perpendicular to the SPS pressing direction). Here the obtained TE performance in
perpendicular to pressing direction will be discussed in detail and the performance in
parallel to press direction can be found in Figure S 5.1. The ZT of pristine BST ingot (P167

BST) and BST/B samples are shown in Figure 5.1a. Remarkably, the B addition
significantly enhances TE performance and the maximum ZT of 1.6 at about 375 K in
BST/B-0.6 sample was achieved. To ensure the reliability and repeatability of the
experimental results, we provide the measurement results of the same sample by an
independent third-party group (Tsinghua University). The excellent TE performance with
ZT of 1.53 (Figure 5.1a blue line with hexagon symbol) has been independently
confirmed using the instruments of Tsinghua University, which is consistent with our
experimental results when considering the existence of measurement errors. The detailed
reproducibility of thermoelectric properties for BST/B nanocomposite materials is shown
in Figure S 5.2, Figure S 5.3 and Figure S 5.4. To better highlight the advantages, as
shown in Figure 5.1a, we have compared the ZT value with other recently reported high
performance BST-systems

[23, 27, 29, 30]

. In contrast, the peak of ZT for our BST/B-0.6

material shifts to higher temperature and the average ZT is rather outstanding, reaching
1.5 over a broad temperature plateau from 300 to 475 K. Using the calculation method
for device ZT and conversion efficiency by considering self-compatibility as described in
the ref

[31]

, a record high TE device ZT of 1.2 and conversion efficiency of 11.3% are

achieved in the BST/B-0.6 material when using a hot and cold source of 575 and 300 K,
respectively. The performance of our BST/B material is greatly superior to current BSTbased TE materials in both low- and mid-temperatures.
5.4.2 Electron and Thermal Transport Properties
The temperature dependence of the TE properties for all samples are compared in
Figure 5.2. They all exhibit a typical degenerate semiconductor behavior with σ
decreasing monotonically with increasing temperature. Interestingly, the σ increases
significantly with increasing nominal B content although B is an insulator. In particular,
the room temperature σ is 850 S.cm-1 for P-BST, while it increases by 40% to 1460 S.
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cm-1 for BST/B-0.6 composite material.

Figure 5.1 Thermoelectric performance in p-type BST/B composite materials. a,
Temperature dependence of Figure merit of ZT for pristine Bi0.5Sb1.5Te3 ingots (P-BST)
and BST/B composites with various levels of boron-incorporating at up to 0.6 wt%
(BST/B-0.6) along with some reported literature values. b, The calculated thermoelectric
Device ZT and conversion efficiency (575 K hot-side temperature (Th) and 300 K coldside temperature (Tc)). Data are shown for P-BST, BST/B-0.3, BST/B-0.4, BST/B-0.6
(This work) and for various materials reported in the literature (Te-BST-TS 30, Te-BSTMS27, ZnTe-BST-MS

29

, BST-BM23. Data measured perpendicular to the pressing

direction. The measurement uncertainty of experimental ZT values is 15% (error bar).
The conversion efficiencies and thermoelectric device ZT were calculated from
individual transport properties by considering self-compatibility according to the method
described in ref

31

. The blue curve in (a) shows the experimental results verified by

Tsinghua University (THU).
According to the rule of mixtures in classical composites, it seems that σ should be
between that of the two component materials. On that basis, the σ of the BST/B hybrid
materials should be lower than that of BST/B-0 given the extremely low σ of B albeit with
the small weight fractions of B added. However, the σ of BST/B unexpectedly increases
with increasing B content. To investigate the reasons for the increase, we investigated the
Hall Effect to determine the carrier concentrations (nH) and mobility (μH) as shown in
Figure S 5.5. We observed that the hole concentration of BST/B-0 sample is higher than
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the pristine ingot (Table S 5.1). The BST/B-0 sample was fabricated by powder
processing followed by SPS processing using the ingot as raw materials. So, there should
be some differences in the carrier density for the BST/B-0 and the pristine ingot. This can
be related with the increased structural defects or small amount of Te evaporation during
SPS processing. It should be noted that the BST/B composites exhibit a significant
increase in nH with the increasing B content. The enhanced carrier concentration by
adding B may be associated with the enhanced lattice deficiencies. It is well known that
the origin of hole concentration in p-type BST is mainly from the antisite defects. The
generation of dense Sb-Te rich nano-precipitates induced by B inclusions could cause the
deviation from the stoichiometry leading to the formation of more antisite defects;
additionally, nH values of BST alloys are sensitive to both chemical composition and
processing-induced lattice defects

[32-33]

. Similar results can be reported in the SiC-

dispersed BST samples in which the concentration is increased from 1.8x1019cm-3 for
pure sample to 3.39 x 1019 cm-3 for samples with 0.4 vol% SiC

[33-34]

. Such structural

defects are more likely to occur at interfaces between nanopreciptates and matrix, leading
to the charge buildup at the interfaces, which is responsible for the increased carrier
density. In comparison to the P-BST, about a 10% reduction in μH is found in the BST/B0 sample (Figure S 5.5 and Table S 5.1) -which can reflect the increased carrier–carrier
scattering and the defect-related scattering. The μH of the BST samples with the addition
of B shows a slow reduction in comparison with that of the pure BST sample, indicating
that B inclusions have little influence on the carrier mobility. With increasing temperature
towards 300 K, the carrier mobility of all samples exhibits an approximate T-1.5
dependence (Figure S 5.5), indicative of the dominance of acoustic phonon scattering.
Therefore, the improved σ for BST/B is mainly because the carrier concentration is
sufficiently increased to compensate for the reduction of carrier mobility.
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Figure 5.2 Thermoelectric properties as a function of temperature for P-BST and BST
incorporated with various levels of boron up to 0.6wt% (BST/B-0.6). a, Electrical
conductivity. b, Seebeck coefficient. c, Power factor. d, Total thermal conductivity.
Measurements were made perpendicular to the SPS pressing direction. The uncertainty
of the Seebeck coefficient and electrical conductivity measurements is 5%, and is about
10% for the power factor.
The Seebeck coefficients, S shown in Figure 5.2, are in good agreement with Hall
measurements for the p-type samples. The magnitude of S initially shows an increase with
increasing temperature, indicating the dominance of hole carrier transport. As the
temperature increases further, S quickly decreases due to the intrinsic thermal excitation
of minor electrons at elevated temperatures. The coexistence of majority and minor
carriers can results in a bipolar effect. We can see that S decreases with increasing B
content, showing the inverse trend with respect to the σ. S can be estimated by the equation:
S

8 2 kb2 *  2/3 , where k is the Boltzmann constant, e is the carrier charge, h is
b
m T( )
3eh 2
3n
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Planck’s constant, m* is the effective mass of the charge carrier, and n is the carrier
concentration. Thus, the σ increases with carrier concentration but the S decreases.
Additionally, based on the single parabolic band (SPB) model and the dominance of
acoustic phonon scattering, we obtained the Pisarenko plot (S vs μH) in Figure S 5.5d.
The effective mass for BST/ B samples is about 1.1 ± 0.1 me, which is typical for BST
samples. It is also noteworthy that the temperature corresponding to the peak value of S
obviously shifts to higher temperatures for the B-doped (BST/B) samples and the decline
of S value of BST/B specimens above 400 K is significantly slower than that of the
pristine ingot. It is well known that the bipolar effect is due to the ambipolar diffusion of
electrons and holes. The minority carriers (electrons in this work) can thermally excited
across the band gap, which will degrade Seebeck coefficients. Therefore, the shift of peak
S results from the reduced bipolar effect.
A plot of the calculated PF = S2σ is shown in Figure 5.2. The PF shows a
considerable increase in the BST/B samples. The highest PF achieved at room
temperature for the sample BST/B-0.6 is 45 μWcm-1K-2, which is about 13% higher than
that of P-BST. To highlight the greatly improved electrical transport performance, we
compare the electrical transport properties of our sample with that of BST materials from
the literature

[27, 29, 35-36]

, as shown in Figure S 5.6. It is obvious that the BST/B

nanocomposites are comparable with the state-of-the-art values of BiSbTe alloys.
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Figure 5.3. Low thermal conductivity of P-BSTand BST/B samples. a, Temperature
dependence of the κtot-κe term. b, Temperature dependence of lattice thermal conductivity,
κL. Dotted line with symbol and solid line represent the experimental and calculated data,
respectively. The calculated κL was based on the Callaway model and by considering
different phonon scattering mechanisms for P-BST and BST/B-0.6 samples.c,
Temperature dependence of bipolar thermal conductivity, κbipolar. d, Frequency-dependent
lattice thermal conductivity of BST/B-0.6 sample. The lowest κL in BST/B-0.6 materials
can be explained by the all-scale length phonon scattering from point defects (PD),
nanostructures (Nano), dislocations (DS) and grain boundaries (B).
Figure 5.2d plots the total thermal conductivity (κ) as a function of temperature for
the BST/B materials. The κ of all samples initially decreases with increasing temperature
before reaching a minimum value owing to the phonon Umklapp processes, and then
increases rapidly with increasing temperature because of the additional contribution of
minor carrier pairs excited at high temperature. In the case of the sample with a small
amount of B (0.6 wt%), its κ shows a distinct decrease by up to 35% over the entire
temperature range when compared with the P-BST sample.
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Figure 5.4. a, Bright field (BF) image image showing a high density of dislocation
networks. b, BF image showing the high density of nanoscale precipitates in the matrix
(circled and labelled c). c, HAADF image of nanoscale precipitates circled in (b) showing
the coherent interfaces. d, Bright field image of amorphous boron (boxed region labelled
e) in the matrix. e, Detail of boxed region in (d) showing an absence of diffraction contrast
and oblique interfaces with the matrix. f, HRTEM detail of the boxed region in (e)
showing the interfaces between boron (top) and the matrix.
Typically, the κ in BST materials consists of a lattice component (κL), a carrier
component (κe), and a bipolar component (κb). To examine the individual thermal
components, we calculate κe according to the Wiedemann–Franz law which is expressed
as κe = LσT, L is the Lorenz number which is estimated based on the SPB model
(Supporting Information). Assuming κb has no contribution to heat flow at low
temperature, κL is considered to be proportional to the reciprocal of temperature (1/T)
above the Debye temperature. Thus, we can calculate κL at low temperature and
extrapolate the κL value corresponding to a temperature above room temperature. The
temperature dependence of κtot-κe, κb and κL are shown in Figure 3. The extremely low
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(κtot-κe) of 0.33 W.m-1.K-1 at 300 K is achieved in the BST/B-0.6 sample which is about
a 60% reduction when compared with the P-BST ingot. We compare (κtot-κe) value of
BST/B-0.6 with that of BST materials [27, 29, 35-37]reported in the literature shown in Figure
S 5.6(d). This value is comparable with that in the literature and is very close to the
theoretical amorphous limit (min=0.31 W.m-1.K-1 ). It should be noted that introducing
phonon scattering centers may potentially reduce carrier mobility. Thus the key to
improving TE performance depends on if there is net gain between electrical and thermal
transport. This can be evaluated by using the thermoelectric material quality factor (B)
[38]

, which is proportional to the ratio of L (see Supporting Information).The calculated

thermoelectric quality factor is shown in Table S 5.1 . We believe the higher quality factor
obtained here is responsible for the high TE performance of BST/B nanocomposites.

Figure 5.5 Elemental analysis of BST/B-0.6 sample. a-b, Comparison of EDS between
the precipitates and matrix. The result shows the composition fluctuation between
nanoscale precipitates and matrix. c-d, B K EELS edge taken from the boxed region in c.
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To further understand the mechanisms of the obtained ultralow κ in the BST/B
samples, detailed microstructural investigations were performed by transmission electron
microscopy (TEM). Both high density dislocation networks and periodic dislocation
arrays were commonly observed during the TEM examinations. (Figure 5.4 and Figure
S 5.7). The dislocations nucleate and pile up at grain boundaries, forming dislocation
networks. Besides, dislocation tangles are found at the triple points of boundaries (Figure
S 5.7). High densities of dislocation networks and tangles associated with the severe strain
in the matrix is rather effective for suppressing the phonon transmission.
Figure 5.4d and Figure 5.4e show some inclusions with diameters of 80-250 nm
dispersed in the matrix. Energy-dispersive X-ray spectroscopy (EDS) and electron energy
loss spectroscopy (EELS) confirmed that these were boron-rich (Figure 5.5c, d). The
EELS result shows the B K edge at 188 eV. The EDS mapping shown in Figure S 5.8
also demonstrates that they are boron, although the low sensitivity of EDS towards B
meant that only the largest B inclusions were detected. The matrix was confirmed to be
BST. The high resolution image (Figure 5.4f) shows an absence of long range order in
the boron phase indicating it to be amorphous. Probably because of the amorphous
feature, interface mismatching is reduced, which does not degrade the electrical transport.
Moreover, the big difference in mass density and sound velocity between the B and BST
matrix will cause Kapitza thermal interfacial resistance which is effective for reducing κ
[39-41]

.
High density of nanoscale precipitates are commonly observed in the BST/B-0.6

matrix. Figure 5.4b show a large number of spherical or elliptical nanoscale precipitates
with the size in the range of 3-15 nm (Figure S 5.9). We estimated the density of
nanoscale precipitates is approximately 8.4×1024 m-3 and their average size is 6 nm which
is used for the calculation of the lattice thermal conductivity. The EDS line scan exhibits
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an increase in the Sb and Te from the precipitates compared with the matrix regions
(Figure S 5.9). From the EDS spectra of precipitates and matrix (Figure 5.5a, b), we can
conclude that the nano-sized precipitates are Sb and Te rich phases with an atomic ratio
of Sb/Te close to 1, while the corresponding (Sb+Bi)/Te ratio in the matrix is about 0.67,
indicating that Sb substitutes for Te. Notably, the in-situ nano precipitates have also been
found in other BST materials processed by unique methods such as ball milling
two-step sintering

[30]

[23]

and

. Figure 5.4c shows a typical HAADF (high-angle annular dark-

field) image of an overlapping interface of a nanoscale precipitate and the matrix, which
results in Moiré fringes. The HAADF image reveals that the precipitates are in fact due
to compositional modulation–where the bright lines are richer in heavy atomic number
materials than the dark bands. The comparison of enlarged HADDF and BF (bright field)
images of the matrix and precipitates in Figure S 5.9 shows that the precipitates and BST
matrix have similar lattice structure without obvious dislocations at interfaces, revealing
the coherent strained interface with the matrix. Figure S 5.10 depicts the strain
modulation of the structure. The entire region is single crystal, but there is a minute
(probably << 1 deg) tilting of the lattice between the bright bands, causing the local lattice
strain. It is well known that the lattice strain could cause the peak broadening of X-Ray
(XRD) diffraction peak. Thus we calculated the lattice strains based on the Rietveld
refinement and the result is shown in Figure S 5.11. It can be noted that the lattice strains
slightly increase with the increasing B content, indicating that the lattice strains should
also contribute to minimizing the lattice thermal conductivity (κL). The lattice strains have
been demonstrated to be particularly effective for minimizing the κL[42]. The nanoprecipitates as well as internal strains can obviously act as scattering centers for phonons,
which in turn will significantly reduce κ.
It is obvious that the dominant microstructures in the BST/B feature crystal defects
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such as dense dislocation array, nano-precipitates accompanied with lattice strains,
whereas, they are less commonly observed in B-free samples (Figure S 5.12). It indicates
that the B nano-inclusions could modify the microstructures of BST. With regard of the
dislocation array formation, firstly, it may be related with applied pressure during SPS
processing. It has been reported that high density of dislocations are commonly present
in any samples processed by SPS

[43]

. Second, the inclusion of B nano-particles may

induce lattice strain and thus lead to the formation of dislocations. Third, there is a big
difference between the thermal expansion coefficients of boron and BST, which means
that it will generate strain fields around the inclusions, and this may lead to dislocations
forming in the vicinity of B inclusions. In terms of the generation of nano-precipitates, it
has been reported that the bulk nanostructured BST could achieved by the “top-down”
processing technologies, involving such methods as ball milling (BM), melt spinning
(MS) , hot deformation and other advanced techniques due to the recrystallization during
the sintering process. Considering that SPS is a fast-sintering method, the in-situ
nanostructures may generate during the sintering process. We think the B dispersion may
promote the generation of nanoscale precipitates. Firstly, precisely controlling the
homogeneous nucleation density and crystal growth rate during recrystallization process
would be very crucial to achieve high density of nanostructures. The light-weight
element, boron, may act the role of nucleating agent which can modify the microstructure
by accelerating the rate of nucleation and suppressing the crystal growth during the
recrystallization process. Additionally, the presence of B may cause the Sb-Te phase to
become thermodynamically favoured over BST-due to lattice strain, bonding effects etc.
Nevertheless, these defects are responsible for the significant differences in electrical and
thermal transport properties compared to the sample without B inclusions.
In order to understand the obtained κL, we applied the Debye-Callaway mode (More
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details for modelling and the relevant parameters can be found in Supporting
Information). The total relaxation time was estimated by taking account of the Umklapp
(τU) process, point defects (τPD), grain boundaries (τB), dislocation cores (τDC) and strain
(τDS), and nanostructures (τnano). As shown in Figure 5.3c, the calculated κL values agree
well with the experimental data for both the ingots and the BST/B-0.6 samples.
Furthermore, the calculated frequency-dependent κL is shown in Figure 5.3d. Firstly,
atomic-scale solid-solution alloying, severe strain, and other point defects would be
effective scattering centers for high frequency phonons with comparably short
wavelength. Secondly, dense dislocation arrays, nanostructures, amorphous B, and
related mismatched phonon modes between them would strongly scatter phonons with
short and medium mean free paths. Thus, they impede much of the heat flow in the
material. Thirdly, the additional and remaining reduction in κL may come from the
scattering of low frequency phonons with longer mean free paths through mesoscale grain
boundaries. Therefore, the extraordinarily low κL achieved in the BST/B can be primarily
attributed to the phonon scattering by a combination of multiscale hierarchical scattering
architectures.
In a narrow band-gap semiconductor, bipolar diffusion is detrimental to the
performance at elevated temperature because it can make a considerable contribution to
the thermal conductivity and degrade the Seebeck coefficient. It should be noted that κb
in our BST/B samples is significantly reduced. The suppression of bipolar effects can be
mainly attributed to the increased hole concentrations. Also the reduced bipolar effect
may be resulted from the existence of an interfacial potential that scatters more electrons
than holes.
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5.5 Conclusions
In summary, we have demonstrated microstructural design with superior
thermoelectric properties by introducing boron inclusions into BST materials. The
hierarchical microstructures significantly minimize the thermal conductivity through
multiple phonon scattering mechanisms; and simultaneously enhance power factor due to
the optimization of electrical transport. Because of decoupling the electrical- and thermaltransport, a record high ZT of 1.6 at 375 K is achieved in the BST/B-0.6 composite
materials, making it unique in being capable of a high calculated conversion efficiency of
11.3% in a device implementation.
5.6 Supporting Information

Figure S 5.1. Thermoelectric properties of P-BST and BST/B samples in parallel to the
SPS pressing direction. Temperature dependence of: (a) Electrical conductivity (σ). (b)
Seebeck coefficient (S). (c) Power factor (PF). (d) Total thermal conductivity (κtot). (e)
κtot-κe. (f) Figure merit of ZT.
Figure S 5.1 shows the thermoelectric performance of P-BST and BST/B samples
in parallel to the SPS pressing direction. The peak ZT of 1.65 at 400K is obtained in the
BST/B samples.
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Reproducibility of experimental results
In the previous study, the Seebeck and electrical conductivity values were measured
by RZ2001i system (Ozawa Science, Nagoya, Japan), and thermal diffusivity was
measuerd by LFA467. To ensure the reliable and reproducibility of the experimental
results, we re-measured the Seebeck coefficient and electrical conductivity by using
another instrument in our Laboratory which is Linseis LSR3 (Germany). Additionally,
We also double-check thermal diffusivity by Linseis LFA 1000 in our laboratory.
Meanwhile, we sent our samples to other independent group (Prof. Jingfen Li’s laboratory
at Tsinghua University) for further confirmation.
We have put together all data measured in our Laboratory (Wollongong) and Prof
Li’s Laboratory (Tsinghua) as shown in the following Figure S 5.2. As we can see, the
data of S and σ we measured on the LSR3 in our Laboratory is very close to the data
measured on ZEM3 at Tsinghua’s Laboratory. Additionally, the thermal diffusivity
measured by LFA467 (our Laboratory) and LFA457 (Tsinghua) are also consistent with
each other. It should be noted that S values of BST/B-0.6 sample measured on the
RZ2001i (our Laboratory) is a bit higher compared to that done on ZEM3 and LSR3 at
both Tsinghua and our Laboratory. The high S value has led to the high ZT of 1.8 as we
have shown in our previous manuscript (shown in Figure S 5.2(f)). By double-checking,
we believe the ZT of 1.5-1.6 is reliable. Therefore, we have included the new data from
Linseis LSR3 and removed the old data from the RZ2001i system.
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Figure S 5.2. Compasion of thermoelctric properties of BST/B-0.6 samples by using
different measuring systems. Temperature dependence of (a) Seebeck Coefficient (S); (b)
electrical conductivity (σ); (c) Power factor (PF); (d) thermal diffusivity(D); (e) thermal
conductivity; (f) ZT. The themoelectric properties measured by ZEM3 and Netzch
LFA457 was performed at Tsinghua University. The data meaused by LSR3, RZ2001i
and LFA467 was conducted at our laboratory at University of Wollongong.
Figure S 5.3 is the measured results from the RZ2001i and LFA 467 in our
laboratory, showing the reproducibility of BST/B samples after several batches.
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Figure S 5.3. Reproducibility of thermoelectric properties of ingots and BST/B samples
after several batches. a-e, thermoelectric properties of BST/b-0.4 sample. f-i,
thermoelectric properties of BST/B-0.6 sample. Temperature dependence of the electric
conductivity σ (a, f), the Seebeck coefficient S (b, g), the power factor PF (c, h), the
thermal conductivity κ (d, i) and ZT (e, j). All sample are measured perpendicular to the
SPS pressing direction following heating and cooling cycles.
Figure S 5.4 shows the temperature dependence of thermal diffusivity (D)
measured by LFA467 and Linseis LFA1000. The measured results from both instruments
are consistent with each other.
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Figure S 5.4. Thermal diffusivity (D) of BST/B samples cross-checked by using the
instrument Netzsch LFA-467 and Linseis LFA 1000. The data were measured parallel to
the SPS pressing direction following heating and cooling cycles for (a) BST/B-0, (b)
BST/B-0.3, (c) BST/B-0.4, (d) BST/B-0.6.

Figure S 5.5.The electronic transport properties of BST/B samples.The temperature
dependence of (a) electrical conductivity;(b) The carrier mobility for BST/B sample; (c)
the carrier concentration; (d) Hall concentration dependence of Seebeck coefficient
(Pisarenko plot) at 300 K. Data measured in perpendicular to the pressing direction.
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Figure S 5.6. Comparison of the temperature dependence of (a) electrical conductivity;
(b) Seebeck coefficient; (c) Power factor; (d) real lattice thermal conductivity (e)
between our sample and other reported BST samples. Data in extracted from literature
and this work are indicated by real lines and symbols, respectively. Dot line in (d) is
theoretical minimum lattice thermal conductivity calculated by calculated by the Cahill’s
model.
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Figure S 5.7. High density dislocation arrays and dislocation tangles observed in the
BST/B-0.6 materials. a-d, TEM BF (bright field) imaging of dislocation arrays. e,f STEM
BF images of dislocation tangles at triple points in BST/B-0.6 matrix, bright vertical lines
are thickness variations due to curtaining occurring during FIB specimen preparation.
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Figure S 5.8. TEM images showing the amorphous boron and EDS analysis. a,
amorphous boron in the matrix.(b, c), interfaces between boron and matrix boxed region
in a. (d ,e) EDS mapping.
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Figure S 5.9. TEM images showing nanoscale precipitates observed in the BST/B-0.6
matrix. (a, b) TEM BF images showing a high density of nanoscale precipitates observed
in the BST/B-0.6 matrix. (c-i) STEM images showing the nanoscale precipitates and EDS
analysis; c) BF image showing the nano precipitates, d) HADDF image. e, f, g) Enlarged
image of boxed region in d showing the coherent interface between matrix and precipitate,
h, i) EDS analysis of matrix and precipitates.
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Figure S 5.10. Strain modulation observed in BST/B-0.6 sample. a) BF image, b) BF
image detail of j, c) HADDF and j) BF image showing the atomic structure with lattice
strain.

Figure S 5.11. (a) Powder XRD patterns. The main diffraction peaks of boron doped
samples are consistent with the pattern of BST ingots. (b) XRD Rietveld refinement. (c)
strains (left) and lattice thermal conductivity (L) as the function of B contents.
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Figure S 5.12. Microstructures of BST sample without boron. a, TEM image showing the
BST lattice. b, Enlarged TEM image of the boxed region in a. c, Electron diffraction
pattern along the [100] zone axis. d, Enlarged TEM image of the boxed region in b. e,
Enlarged TEM image showing the crystal lattice parameter. f, atomic model showing the
BST crystal structure.
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Figure S 5.13. Specific heat capacity for P-BST and BST/B samples. The dash line is
calculated by Dulong-Petit law.
Table S 5.1. Room temperature of Hole concentration nH, Hall mobility μH, lattice thermal
conductivity (-e), thermoelectric quality factor (B) and sample density ρ of ingots and
BST/x wt% Boron (x=0, 0.3, 0.4, 0.6) bulk samples measured in perpendicular to the
pressing direction at 300 K.
Samples

nH
(1019cm-3)

μH
(cm2V-1s-1)

-e
（W.m-1.K-1）

B

ρ
(g/cm3)

Ingots

1.80

303.75

0.82

0.37

6.496

x=0

2.42

281.30

0.62

0.46

6.521

x=0.3

2.72

270.82

0.46

0.72

6.464

x=0.4

2.92

264.31

0.36

0.87

6.466

x=0.6

3.12

260.87

0.33

0.99

6.412

Table S 5.2. Measured sound velocity of samples.
Sample

Longitudinal
(m/s)

Transverse
(m/s)

Average
m/s

P-BST
BST/B-0.6

2970
2600

2600
1370

2123
1780
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Model of lattice thermal conductivity
Lattice thermal conductivity (κlat) of P-BST and BST/B-0.6 sample and were
explained using the Debye-Callaway model

[44-45]

. In this model, the lattice thermal

conductivity κL can be expressed as：

k BT k BT 3  /T
x 4e x
L  2 (
)
 tot ( x) x
dx
2  h 0
(e  1) 2

S 5.1

Where kB is the Boltzmann constant, ћ is the reduced Plank constant, x = ћω/kBT
with a phonon angular frequency of ω, υ is average sound speed, θD is Debye temperature,
τtot is frequency-dependent total relaxation time. The total phonon relaxation time (τtot) is
a reciprocal sum of the relaxation times of the pertinent scattering mechanisms. Once
τtot(x) is determined from the individual relaxation time (τi) according to Matthiessen’s
rule.

 tot 1   U 1   PD 1   B 1   DC 1   DS 1   nano 1

S 5.2

We assumed that the dominant scattering mechanisms relevant to P-BST are
Umklapp phonon-phonon scattering, point-defect scattering and boundary scattering.
Umklapp phonon-phonon scattering occurs when phonons in a crystal are scattered by
other phonons whose relaxation time can be calculated by Equation S 5.2[46].

 U 1  AN

2
(6 2 )1/3

k BV 1/3 2 2T
M 3

S 5.3

Where V,  , and M are the atomic volume, Grüneisen parameter, and the atomic
mass. The parameter AN takes normal phonon–phonon scattering that can be determined
by fitting experimental literature data from on well characterized crystalline material [45].
Point-defect scattering arises from an atomic size disorder in alloys. The disorder is
described in terms of the scattering parameter (G) within the τPD-1 formula as [47]
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 PD 1 

V4

4 3

S 5.4

In Equation S 5.4, G is related to the difference in mass (ΔM) and lattice constant
(Δa) between two constituents of an alloy as [48]

  x(1- x)[(

M 2 2
1  r 2 a 2
)  {(G  6.4 )
}( ) ]
M
9
1 r
a

S 5.5

where x , M , G, r, and a are the fractional concentration of either of
constituents, difference in mass, parameter representing a ratio of fractional change of
bulk modulus to that of local bond length, Poisson ratio, and the difference in lattice
constant, respectively. The G was regarded as an adjustable parameter in the calculation.
The relaxation time associated with boundary scattering (τB)[49], is given by:

 B 1 

v
d

S 5.6

Where d is the average grain size.
As for BST/B-0.6 sample, there are additional relaxation times associated with
dislocations and nanostructures that it is necessary to be considered.
Phonon scattering of dislocations in a grain boundary can be originated from
scattering by dislocation cores (τDC) and by the dislocation strain (τDS) as [45, 47, 50]

 DC 1  N D
1
2

V 4/3

2

 DS 1  0.6  BD 2 N D (   1 )2 [ 

3


1 1  2r 2
(
) {1  2( L ) 2 }2 ]
24 1-r
T

S 5.7

S 5.8

Where BD,  ,  1 ,  L , and  T are the magnitude of effective Burgers vector,
Grüneisen parameter, change in Grüneisen parameter, longitudinal phonon velocity, and
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the transverse phonon velocity, respectively. The change in Grüneisen parameter (  1 )
describes the modulation of solute atom concentration by strain fields around dislocations
in alloys as given by:

1=



c0 KVSb2Te3
k BTa

( 2   ),

VBi2Te3  VSb2Te3
VSb2Te3

,

S 5.9

1 M Bi2Te3  M Sb2Te3
,
2
M Sb2Te3

Where K, c0 , Ta are the concentration of Bi2Te3 in Bi0.5Sb1.5Te3 bulk modulus of
Sb2Te3 and sample sintering temperature.
The high dense nano-precipitates and amorphous inclusions can offer numerous
interfaces that cause the phonon scattering. The relaxation time associated with
nanostructures can be given as [51, 52]:

4
9

 nano 1  v[(2 R 2 ) 1  ( R 2 (D / D) 2 ( R / v) 1 ]1 N P

S 5.10

Where D and D are the mass density of the host and density difference between
the host and nanoscale precipitates, R is the average radius of precipitates, and Np is the
number density of nano-scale particle phases.
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Table S 5.3 Parameters used to calculate the lattice thermal conductivity.
Parameters
θa

M Bi2Te3
M Sb2Te3

Description
Acoustic mode Debye
temperature
Average atomic mass of
Bi2Te3
Average atomic mass of
Sb2Te3

Value

Ref.

94 K

[53]

2.79×10-25 kg

-

2.07×10−25 kg

-

VBi2Te3

Atomic volume of Bi2Te3

3.40×10−29 m3

-

VSb2Te3

Atomic volume of Sb2Te3

3.13×10−29 m3

-

v

Average sound speed

2147 m s-1

[54]

vL

Longitudinal sound speed

2884 m s-1

[54]

vT

Transverse sound speed

1780 m s-1

[55]



Grüneisen parameter

2.33

[56]

r

Poisson’s ratio

0.24

[27]

V

Average atomic volume

31.26 Å3

-

M

Atomic mass of matrix

2.22×10−25 kg

-

d

Grain size

Nd

Dislocation density

1.35×1011 cm-2

Exp

BD

Burgers vector

11.2×10-10 m

fitted

K

Bulk modulus

44.8 Gpa

[27]

Average radius for the

precipitates: 3 nm

precipitates / amorphous

amorphous inclusions:

inclusion

100 nm

R

Number
NP

precipitates/

BST: 6.7 μm;

density

of

amorphous

inclusions

D

D

Exp

BST/0.6 B: 4 μm

Precipitates:

Exp

8.4×1024

m3
amorphous inclusions:

Exp

3.3×1019 m3

Density

difference

between

precipitate/

Precipitates:

0.122

g/cm3

amorphous inclusions and

Amorphous inclusions:

matrix

3.96 g/cm3

Density of matrix

6.4 g/cm3
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Exp

Exp

Calculation of effective mass, Lorenz number and thermoelectric quality factor
Assuming a single parabolic band model and the dominant acoustic phonon
scattering [57, 58], the Seebeck coefficient depends only on the reduced Fermi level η.

S 

k B F12
(
 )
e F0 2

S 5.11

The hall carrier concentration and hall mobility can be calculated according to the
following eqn.

nH 

16 (2m * k BT )3/2 F0 2
3h3
F1/2

 H  0

1 F1/2
2 F0

S 5.12

S 5.13

The conductivity can be given by:

=

8 e(2k BT )3/2 m*2/3 0
8 e(2k BT )3/2 me*3/2 w
F
=
F0
0
3h3
3h3

S 5.14

In which w  (m* / me )2/3 0 is called weighted mobility.
Fj is the Fermi integral:

x j dx
1  exp( x   )

S 5.15

k B 2 3F0 F2  4 F12
)
e
F02

S 5.16

Fj = 



0

The Lorenz factor (L) is given by:

L(

In a semiconductor, the maximum ZT could be determined by the thermoelectric
material quality factor, B, defined as [38].
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3/2
5/2
5/2
 k  8 e(2me kB ) wT
6  wT
B B 

4.33

10
h3
L
L
 e 
2

S 5.17

Where w  (m * / me )1.5 is the weight mobility with the units of m2V-1S-1, and me
and m* are the electron rest masses and the density of states (DOS) effective. κL is the
lattice thermal conductivity.
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Chapter 6: Significant Enhancement of Thermoelectric Figure of
Merit in BiSbTe-based Composites by Incorporating Carbon
Microfiber
This chapter was published in Advanced Functional Materials (Adv. Funct. Mater.
2021, 2008851. https://doi.org/10.1002/adfm.202008851).
6.1 Abstract
Bismuth telluride-based materials are already being commercially developed for
thermoelectric cooling devices and power generators. However, the relatively low
efficiency, which is characterized by a TE figure of merit, ZT, is the main obstacle to
more widespread application. Significant advances in the TE performance have been
made through boundary engineering via embedding nanoinclusions or nanoscale grains.
Herein, we report an effective approach to greatly enhancing TE performance of p-type
BiSbTe material by incorporating carbon microfiber. A high ZT of 1.4 at 375 K and high
average ZT of 1.25 for temperatures in the range of 300 to 500 K is achieved in
BiSbTe/carbon microfiber composite (BST/CF) materials. Their superior TE
performance originates from the low thermal conductivity and the relatively high power
factor. A TE unicouple device based on our p-type BST/CF composite material and
commercial available n-type bismuth telluride-based materialshows a huge cooling
temperature drop in the operating temperature range of 299 K~375 K, and is greatly
superior to the unicouple device made of both commercial p-type and n-type bismuth
telluride-based material. Our materials demonstrate a high average ZT and excellent
mechanical properties, and is strong candidates for practical applications.
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6.2 Introduction
As global concerns about the energy crisis and environmental degradation intensify,
there is an urgent need to find sustainable energy solutions that can reduce fossil fuel
consumption. Thermoelectric (TE) technology enables direct heat-to-electricity
conversion, providing an attractive and environmentally friendly way to generate
electricity through the ubiquitous waste heat produced by environmental and industrial
processes[1, 2]. In order to meet the demands of a wide range of practical applications, the
key challenge is to increase the energy conversion efficiency of TE devices. In general,
the conversion efficiency depends on the performance of TE materials, which is
characterized by the dimensionless figure of merit, ZT= S2σT/κ, where S, σ, κ and T are
the Seebeck coefficient, electrical conductivity, thermal conductivity and absolute
temperature, respectively[3]. Over the past several decades, extensive research efforts have
focused on improving TE performance, leading to high ZT values in complex TE material
systems, including chalcogenides

[4-9]

, skutterudite

[10, 11]

, half-Heusler[12, 13]alloys and

zintl phases[14, 15].
Bi2Te3-based alloys have been used in commercial applications for power
generation and solid state cooling, but they are limited to a peak ZT of about one[16]. This
restricts their commercialization to niche areas because of their low efficiency compared
with other energy conversion technologies. Therefore, there is a compelling need to
increase ZT to values higher than one. In general, obtaining a high ZT value requires a
high power factor (S2σ) and a low κ. However, simultaneous optimization of electron and
thermal transport is very difficult because these parameters are interdependent[17].
Recently, several strategies to raise the ZT value of Bi2Te3-based materials have mainly
focussed on alloying for band engineering[18], point defects[19] and on boundary
engineering[20]. In particular, boundary engineering, defined as the generation of grains
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or interfaces introduced by nanoparticles or nanoinclusions [21], has been shown to be an
effective approach to improve ZT by increasing the boundary scattering of phonons to
reduce the lattice thermal conductivity, κL. For instance, the “top-down” processing
technologies, involving such methods as ball milling (BM)[22], melt spinning (MS)
combined with hot pressing (HP) or spark plasma sintering (SPS)[23, 24] have been applied
successfully to construct nanograined bulk materials, resulting in an increase in the ZT
value to >1 in p-type Bi2-xSbxTe3 alloys. Additionally, incorporating nanoscale secondary
phases into the matrix to form phase boundaries has also been shown to lower κ and
improve the TE performance. Bi2Te3-based composites incorporating nano-components
such as SiC[25], carbon nanotubes (CNTs)[26], graphene[27], metal particles[28] and ZnTe[29]
have been reported to enhance TE performance due to a reduction in κ. Microstructural
manipulation by increasing grain boundaries and defect densities can effectively reduce
κ and thus improve ZT. In addition, charge carriers with low energy filtering effects[30]
can enhance the thermal power, thereby providing the possibility of engineering a
weighted mobility[16].
Although nanoscale grains can effectively increase the ZT of BiSbTe alloys, reports
of ZT in excess of 1.4 are very limited. The main factor preventing further improvement
of ZT through nanoscale boundary engineering is the difficulty in reducing the κ
significantly, without a serious deterioration of the electrical transport performance. In
fact, it is difficult to precisely control the grain size and phase distribution in boundary
engineering. On the one hand, an excessive increase in nanoscale grain boundary density
may result in carrier scattering. On the other hand, the aggregation or uneven distribution
of nano-inclusions will result in a reduction in σ and a limited reduction in κ. Therefore,
grain boundary engineering that maintains a high σ but has a low κ will be the key to
improving ZT.
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In this work, we adopt a new strategy, by adding a small amount of carbon
microfiber to Bi0.5Sb1.5Te3 (BST), which enables us to enhance the TE performance
significantly. We demonstrate that BST composites incorporating carbon microfiber
(BST/CF) exhibit a significant reduction in κ and importantly, maintain a high PF. As a
result, the highest ZT value of ∼1.4 at 375 K and an average ZT of 1.25 between 300 and
500 K is obtained for BST alloys by incorporating an optimum amount of carbon
microfiber. The significant reduction in κ in BST/CF composites can be attributed to the
boundary modification of nanoscale and mesoscale interfaces. We show that a large
interfacial thermal resistance exists between the carbon microfiber and the BST matrix,
which is responsible for the ultra-low κ. At the same time, the incorporation of CFs has
only a very small effect on electron transport due to the moderate conductivity of CFs,
thus maintaining high PF. To confirm the enhanced ZT of BST/CF materials, a TE
unicouple device consisting of p-type BST/CF composite materials and commercial ntype materials (referred as BST/CF unicouple) was prepared to evaluate its cooling
performance. As a result, BST/CF unicouple has generated a large cooling temperature
difference of 35-57 K at an operating temperature of 299-375 K and a current of 4.5 A,
which is 1.6~1.8 times higher than the unicouple device made from commercially
available p-type and n-type TE materials (referred as REF unicouple). In addition to
excellent and repeatable TE performance, BST/CF composites show improved
mechanical properties over their un-doped counterparts.
6.3 Experimental Section
Highly dense samples of BST/CF incorporating 0, 0.3, 0.4, 0.5, and 0.6 wt% carbon
microfiber were fabricated by spark plasma sintering (SPS). These are denoted as:
BST/CF00; BST/CF03; BST/CF04, BST/CF05, and BST/CF06, respectively. In this
work, we used a commercial BiSbTe ingot (BST ingot) fabricated by a unidirectional
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solidification method as a raw material and a reference sample. The commercial p and ntype TE materials were purchased from Jiangxi Beibingyang Industrial Co., Ltd.
Commercial Bi0.5Sb1.5Te3 (BST) ingots and carbon fibres (CF) were used as starting
materials. The typical properties of CFs are summarized in Table S 6.2. The mixtures of
BST/x wt% CF (x=0, 0.3, 0.4, 0.5, 0.6 %), denoted as BST/CF00, BST/CF03, BST/CF04,
BST/CF05 and BST/CF06, were mixed thoroughly in a planetary ball mill for 30 minutes.
The processed powders were consolidated by spark plasma sintering under 60MPa and at
420℃ for 10 min. The phase structure of all samples was characterized by X-ray
diffraction (XRD) using Cu Kα radiation (PANalytical Empyrean Multi-Function XRD).
The microstructure was observed by field emission SEM (JSM-7500F) and STEM (JEOL
ARM200F) instruments. Specimens used for STEM were thinned to electron
transparency by focussed ion beam milling (FEI Helios Nanolab). The Vickers hardness
measurements of samples were carried out under a 0.245N load using a Struers EmcoTest DuraScan-7. The thermal expansion coefficient measurement was carried out by
using Netzsch TMA402. The ultraviolet photoelectron spectroscopy (UPS) spectra were
measured on a Thermo Fisher ESCALAB 250Xi with a He Ia radiation source (h= 21.22
eV).The Hall coefficient measurements were performed to determine the carrier
concentration and carrier mobility using a physical properties measurement system
(Quantum Design PPMS-9). Seebeck coefficient and electrical conductivity were
simultaneously measured in a Helium atmosphere using a commercial Linseis LSR3
system. The electrical conductivity was measured by a four-point current-switching
technique. The Seebeck coefficient was measured by a static DC method based on the
slope of a voltage versus temperature-difference curve. Thermal diffusivity (D) was
measured on a Netzsch LFA 467 by using the laser flash diffusivity method. To check the
validity and reproducibility of experimental results, we also measured the Seebeck
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coefficient and Electrical conductivity by another commercial RZ2001i measurement
system, and measured thermal diffusivity by another commercial Linseis LFA1000. We
also provide the replicate experimental data obtained from the laboratory Tsinghua
University. The high thermoelectric performance of BST/CF samples can be
independently confirmed and the results from our laboratory are consistent with those
from Tsinghua University (See SI). The specific heat (Cp) was determined by differential
scanning calorimetry on a DSC-204F1 Phoenix under argon atmosphere. The measured
Cps at 300 K are 0.187~0.195 J.g-1.K-1 for BST/CF00-06 samples, which is in agreement
with the calculated value (Cp=0.186 J.g-1.K-1) of Dulong-Petit. The bulk density (ρ) was
calculated by using the weight and dimensions (Table S 6.1). The total thermal
conductivity (κ) was calculated using the formula κ = ρ × D × Cp. Uncertainties in the
electrical conductivity, Seebeck coefficient and thermal conductivity are ±3%, ±3% and
4%, respectively, leading to 10% uncertainty in ZT. To measure the thermoelectric
cooling performance, two unicouple devices consisting of one p- leg and one n- leg with
the cross-sectional area of 2.5 x 4 mm2, and a length of 9 mm were fabricated. Our p-type
BST/CF material and commercial n-type bismuth telluride material were chosen as the p
and n legs for one unicouple (referred as BST/CF), respectively. Commercial p and ntype bismuth telluride material were used for making another unicouple (referred as REF).
All the legs are metalized with electroplated copper to facilitate solder joining and to
decrease electrical contact resistance. Copper was used as the electrode and an
aluminium-finned heatsink was connected the hot side of the unicoupe to aid heat
dissipation. All the temperatures reported in this study were measured using K-type
thermocouples and Keithley 2000 digital multimeter.
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6.4 Results and Discussion
6.4.1 Structural Characteration
Figure S 6.1a in the Supporting Information (SI) shows the powder X-ray
diffraction (XRD) of BST/CF and ingot samples. The diffraction patterns of all the
samples match the standard Bi0.5Sb1.5Te3 pattern (PDF#49-1713) well. The XRD patterns
of the bulk samples along directions perpendicular (in-plane) and parallel (cross-plane)
to the pressing direction are shown in Figure S 6.1b. The relative intensity of the (00l)
reflection plane in the in-plane direction is slightly higher than the relative intensity in the
cross-plane direction, indicating some preferred crystal orientation along the pressing
direction. The small differences in the in-plane and the out-of-the plane orientations can
result in differences in electron and thermal transport.
Secondary electron images of the fracture and polished surfaces of BST samples
with and without CF are shown in Figure S 6.2 and Figure S 6.3. The plate-like grains
of the BST are apparent in both samples, showing the characteristics of the layered
structure of the BST compound. It should be noted that the grain size of BST/CF05 is
reduced significantly compared to that of the BST without CF. This result indicates that
the dispersion of CF inhibits the grain growth of the matrix.
6.4.2 Thermoelectric and Cooling Performance
Taking into account the anisotropic properties of the sample, we measured electrical
and thermal transport along the in-plane and cross-plane directions. The main difference
between the two directions is that the in-plane electrical and thermal conductivity are
higher than those in the cross-plane direction. The TE properties obtained along the inplane direction will be discussed in detail. Cross-plane TE performance can be found in
the Supporting Information. The temperature-dependence of ZT is shown in Figure 6.1a.
The peak ZT of the BST ingot fabricated by using the unidirectional solidification method
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at 340 K is 1. After powder processing and SPS sintering, the ZT value was enhanced
significantly to 1.1 at 350K. This indicates that SPS reprocessing can cause an increase
in ZT, which is consistent with reports from other groups

[31, 32]

. In fact, various

manufacturing methods such as melt spinning (MS), hot deformation (HD) and selfpropagating high temperature synthesis (SHS) have proven to be effective for ZT
improvement of BST materials. More importantly, the addition of a small amount of CF
significantly increased the ZT by 40% compared to that of the BST ingot sample. The
maximum ZT of 1.4 was obtained at 375 K for BST/CF04 sample. It is worth noting that
the peak temperature of ZT in BST/CF relative to pure BST, shifts to a higher
temperature. This is advantageous for obtaining a high average ZT over a wide
temperature range.

Figure 6.1.Thermoelectric performance of p-type BST materials showing: a)
Temperature dependence of ZT of BST/CF composite materials. The measurement
uncertainty of experimental ZT values is 10%.b) Comparison of performance (ZT) of
materials from this study with various comparable studies reported in the literature. The
high-thermoelectric performance of BST/CF samples has been verified by an independent
group (laboratory at Tsinghua University); c) Device ZT, average ZT and conversion
efficiency (500K hot side – 300K cold side) of BST/CF materials (this work) versus
various state-of-the-art materials reported in the literature; The reference data is from
Bi0.46Sb1.54Te3 alloyed with ZnTe by melting spinning (BST/ZnTe(MS+SPS))29,
Bi0.5Sb1.5Te3 by ball milling (BST-BM)22, Bi0.5Sb1.5Te3+x by melting spinning (Te-BST
(MS+SPS))23 .The ZT data in this Figure measured along the in-plane direction
(perpendicular to SPS pressing direction).
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To highlight the outstanding advantages of our materials, we compare their ZT
values with some of the typical p-type BST materials reported recently. As shown in
Figure 6.1b, our samples show a comparable ZT with most nanostructured BST
materials. Although the BST/CF peak ZT is lower than that of Te-BST (fabricated by
melting spinning and liquid phase sintering technique), it maintains a ZT above 1 over a
wide temperature range of 300-500 K. More importantly, the high TE performance of
BST/CF sample could be reproduced by a third independent group (Tsinghua University
Laboratory) as shown in Figure 6.1b. Detailed information on the reproducibility of
experimental results can be found in the Supporting Information. The average ZT (ZTave)
is estimated by integrating the area under the ZT curve according to the relationship:

ZTave 

1
Th  Tc



Th

Tc

zTdT
6.1

Where Th and Tc are the temperatures of the hot and cold sides, respectively.
To evaluate the energy conversion efficiency of BST/CF samples, we calculated the
efficiency using the method proposed by Snyder[33]. This method can accurately calculate
the efficiency by considering the TE compatibility. It assumes that a TE material consists
of a series of segments, each having a different local temperature and thermoelectric
properties. The optimum efficiency (η) can be obtained by tuning the relative current
density (see SI).Using the maximum conversion efficiency, the device ZTdev (as opposed
to the material TE ZT) can be defined as[33]:
2

ZTdev

 T  T (1   ) 
 h c
 1
 Th (1   )  Tc 

6.2

Considering a hot side of 500 K and a cold side of 300 K, the calculated η, ZTave
and ZTdev are shown in Figure 6.1c. We can see that the calculated ZTave of BST/CF is
1.25, which is higher than that for most of p-type TE materials currently reported for
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application in low-grade waste heat recovery. Furthermore, at a temperature difference of
200 K, the maximum η exceeds 9%, corresponding to a device ZT of 1.2, which is
comparable to the ZTdev value of nanostructured Bi2Te3-based materials reported to date.

Figure 6.2. Cooling performance measurement. (a) Schematic of the experimental setup
for cooling measurement. BST/CF unicouple is made of our p-type BST/CF04 composite
materials and commercial n-type bismuth telluride-based material, and REF unicouple is
made of commercial p-type and n-type bismuth telluride materials; (b) Comparison of
electrical current dependence of cooling ∆Tc (temperature drop from initial temperature)
between

BST/CF unicouple and

REF unicouple. (c) Comparison of hot-side Th

dependent cooling ΔTc comparing BST/CF unicouple and REF unicouple.
To further evaluate the effect of the significantly enhanced ZT value on cooling
performance, two unicouple cooling modules consisting of one p and one n leg are
fabricated to measure the temperature difference. A schematic of the measurement set-up
is shown in Figure 6.2a. In the TE unicouple module (referred as BST/CF), BST/CF04
composite material prepared in this work and commercially available n-type bismuth
telluride-based material are chosen as p-type leg and n-type leg, respectively. For
comparison of the cooling performance, another TE couple (referred as REF) was also
constructed by using the commercial p-type and n-type bismuth telluride-based material.
It is well known that a DC current will transport heat from one side to the other, thereby
the one side gets hot and the other gets cold. The cold-side (Tc) and hot-side temperature
(Th) of both TE unicouples are recorded under different working currents (I) and initial
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hot-side temperatures (Th). The time-dependent cooling side Tc and the hot-side Th for
REF and BST/CF modules under different working current and initial hot side
temperature Th are shown in Figure S 6.4 and Figure S 6.5. Because there is an
aluminium finned heat sink connected to the hot side of the TE unicouple, the temperature
difference (∆Th) at the hot side (Th) induced by current injection is very small. Once a
current is passed through the device, however, cooling side Tc first declines sharply in a
short time due to the Peltier effect and then cools more slowly until reaches steady state.
Figure 6.2b shows the relationship between the minimum steady state cold-side
temperature (Tc) and the applied current when the starting hot-side Th fixed at room
temperature (RT=299 K). It can be found that the cooling temperature difference (∆Tc) of
the BST/CF TE unicouple is significantly larger than that of the REF TE unicouple under
various currents. This is especially so in in the case of large currents, where the cooling
performance of BST/CF device is obviously better than that of the REF device. The cold
side Tc for the BST/CF module drops from initial temperature of 299 K (25.8℃) to
temperature of 268.49 K (-4.67 ℃) at I=3.5 A. However, under the same conditions, the
REF module, reached a cold-side Tc of only 275.98 K (2.82 ℃). .It should be noted that
if the current is further increased from 3.5 to 4.5 A, the BST/CF module will generate a
larger temperature drop (35 K) and the minimum cold-side temperature was as low as
265.51 K (-7.65 ℃). In contrast, increasing the current supplied to the REF module
resulted an increase in the cold-side Tc. This indicates that 3.5 A is the optimal current for
REF module to reach the maximum cooling temperature. Generally, the cooling ∆Tc
increases with the increased applied current values and eventually reaches saturation. The
optimal current value (Iopt) corresponding to the maximum cooling ∆Tc value of REF
module is 3.5A, whereas Iopt of BST/CF module is more than 4.5 A. It is well known that
the cooling performance of a TE cooler mainly depends upon Peltier cooling and Joule
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heating induced by current, and the internal heat conduction. To obtain maximum cooling
capacity, one should increase the Peltier effect, and decrease the thermal conductance and
Joule heat. The Peltier effect is proportional to the current. However, the larger the
current, the more Joule heat is generated. Joule heating will place a lower limit on the
cooling due to the Peltier effect. On the one hand, the internal electrical resistance of our
BST/CF materials is lower than that of the commercial BST ingots in this work. This
means that the BST/CF module will generate less Joule heat than the REF module. On
the other hand, the low of BST/CF materials will result in the increased thermal
resistance of modules, which has a positive effect on the cooling performance.

Figure 6.3. Temperature dependence of the thermoelectric properties of carbon
microfiber incorporated BST materials showing: (a) Electrical conductivity, (b) Seebeck
coefficient, (c) power factor, (d) total thermal conductivity. The inset in a) shows the
direction in which the transport properties were measured.
Additionally, the cooling performance of TE modules is closely associated with the
operating temperature due to the temperature dependences of the TE elements’ properties.
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Figure 6.2c illustrates the cooling ∆Tc as a function of its hot-side operating temperature.
For the REF module consisting of commercial p-type and n-type Bi2Te3-basde materials,
the ∆Tc firstly increases and then flattens as the hot-side temperature rises from 299 to
375 K. As a result, a maximum cooling ∆Tc of 39 K is obtained at the hot side temperature
of 350 K and I = 3.5 A. It is interesting to note that the hot-side Th dependence on cooling
∆Tc for our BST/CF TE couple is significantly higher than that of the REF TE couple at
all operating hot-side temperatures. Furthermore, BST/CF TE module shows the increase
in cooling ∆Tc with the increased hot-side temperature, while the cooling ∆Tc will not
increase when Th>350 K. This is because the peak ZT of BST/CF material shifts to higher
temperature (ZT peak at 375 K) compared to that of BST ingot (ZT peak at 350 K). We
can note that the BST/CF module results in the cooling ∆Tc of 57 K at Th=375 K and
I=4.5 A, which is 1.8 times higher cooling than that of the REF module under the same
operating condition. It is worth noting that there are many factors that affect the
measurement of maximum cooling ∆T for the device, including the dimensions of the p
and n legs, current, operating temperature, contact resistance, the large radiative and
convective loss. In this work, the cooling ∆T for the TE unicouple has achieved the highest
possible value because the geometry of p-n legs and current are not optimized and the
measurements are of insufficient accuracy due to the influence of air convection and
contact problems. Nevertheless, the superior cooling performance of BST/CF module
relative to the REF module directly proves that our BST/CF materials have higher TE
performance than prinstinBST materials.
6.4.3 Electrical and Thermal Transport Properties
The temperature dependence of the electrical and thermal transport properties of
the BST ingot and BST/CF samples are shown in Figure 6.3. The electrical conductivity
(σ) of all samples (Figure 6.3a) decreased with increasing temperature, indicating
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degenerate semiconductor behaviour. All the BST/CF samples after SPS processing show
an increase in σ compared with the unprocessed BST ingot. By incorporating a small
amount CFs (0.3-0.4 wt %), the σ of the sample is significantly increased, compared with
that of the sample without CF (BST/CF00). However, increasing the content of CFs above
0.4 wt%, caused σ to decrease. Figure 6.3b represents the temperature dependence of the
Seebeck coefficient (S) for all samples. The S values of all the samples first increase with
temperature before reaching a saturation point, and then they decrease because of the
intrinsic thermal excitation of minority carrier electrons at high temperature. The S values
of the BST/CF samples are higher than that of the ingot for T>400 K, and their peak
values shift to higher temperature. The power factors (PFs) are shown in Figure 6.3c. It
can be found that the PFs of the BST/CF samples are higher than that for the ingot sample
by 5~20%. The highest PFs value of 46 W.cm-1.K-1 at room temperature were obtained
in the BST/CF04 samples.
To evaluate the effect of CFs on the of BST/CF composites, we measured the
intrinsic electrical conductivity of pure CFs (CF). As shown in Figure S 6.27. CFs show
semiconducting behaviour, which increases with temperature, and the CF at 300 K is
1130 S.cm-1, which is comparable to that of BST matrix. The effective transport
properties for a composite material can be roughly estimated according to effective
medium model, such as rule of mixture, requiring only the volume fraction of the
dispersed phase and the properties of each component (See SI). The  value of the
BST/CF samples calculated according to the mixing rule (Figure S 6.28) shows that the
contribution of the intrinsic electrical conductivity of CF itself to the total effective
electrical conductivity of the composite is negligible. This can explain why the
conductivity of BST/CF samples does not increase monotonically with the increase of CF
content. On the contrary, an increase of CF content exceeding 4wt% may cause carrier
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scattering due to the increased interface density, thereby reducing the electrical
conductivity. To further clarify the transport properties of the specimens, Hall tests were
carried out. The temperature dependence of the Hall carrier concentration (p) and carrier
mobility (μ) in the temperature range of 10-340 K from the Hall measurement are shown
in Figure S 7.6. The p of all samples remains almost unchanged in the range of 10-340
K. The μ roughly follows the T-1.5 temperature dependence, indicating a dominant charge
scattering by acoustic phonons for all the materials. As shown in Figure 6.5a, at room
temperature, the p increases slightly with increasing additions of CF, while the μ weakly
decreases with the small amount of addition of CFs, and then rapidly reduces by 20%
compared to that of the starting materials when the content of CFs is up to 0.6 wt%.
Because of the increased carrier density compensates for the reduced carrier mobility; we
observed an improved σ in the BST/CF samples. One possible reason for the variation in
p can be the increased lattice defects induced during SPS processing and the addition of
CFs. It is noted that the antisite defects play an important role in tuning the carrier
density[16]. We can see extensive in-situ nanoprecipitates and carbon inclusions (Figure
6.6) decorating the grain boundaries. The lattice defects are more likely to exist at the
interfaces between inclusions and matrix, leading to the increase of the carrier density.
Similar results have also been reported in SiC-dispersed BST samples in which the
concentration is increased from 1.8x1019cm-3 for the pure sample to 3.39x1019 cm-3 for
samples with 0.4 vol% SiC[25] Meanwhile, adding a tiny amount of CFs can not cause any
obvious deterioration of the carrier mobility despite the additional interfaces. The
insignificant scattering of charge carriers in BST/CF composites with low CF content can
be due to the similar work function between the CF and BST matrix. The work function
of BST is about 5.12 eV (±0.1), which was determined by ultraviolet photoelectron
spectroscopy (UPS) measurement (Figure S 6.8). The CF has the work function of 4.95
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eV[34]. The diagram of the electronic structure near the interface between the CFs and the
BST matrix is given in Figure S 6.8b. The low interfacial energy barrier between CF and
matrix, indicates that the charge carriers can easily transfer through the interfaces without
being scattered significantly. However, as the content of CFs further increases, the
increase in grain boundary density and the possibility of CFs aggregation would lead to
enhanced carrier scattering, which is responsible for the reduction in carrier mobility
when incorporating excessive CFs.
It is well known that the bipolar carrier transport in bulk, narrow band-gap
semiconductors severely constrains the ability to improve ZT at elevated temperature as
it suppresses the S value and contributs additional thermal conductivity[16]. The thermally
excited minority carriers at higher temperature would result in the abrupt decrease in the
S value due to the opposite contributions of holes and electrons to S. As the hole
concentration of the BST/CF sample increases, the corresponding electron carrier
concentration will reduce[35]. Thus the electrons’ negative contribution to S will be
suppressed. That is why we observed the S value of the BST/CF samples to be higher than
that of the BST ingot sample above 450 K. Considering that the minor charge carriers
contribute little to the conduction near room temperature,we can obtain the Pisarenko plot
(S vs nH) based on the effective mass model for single carrier type [36]as shown in Figure
S 6.7. The experimentally measured S values for the ingot and BST/CF sample can be
explained by an effective mass of ≈ 1.1 +/- 0.1 me, which is typical for BST.
Figure 6.3d depicts the temperature dependence of the total thermal conductivity
(κtot) for the BST ingot and the BST/CF samples. As temperature increases, the κtot for all
samples initially decreases due to the phonon Umklapp processes, reaching a minima
value, and then increases rapidly because of the thermally intrinsic excitation of electrons
at elevated temperature. Interestingly, incorporating CF could significantly lower the κtot
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value. At 300 K, the κ value of BST/CF05 is about 1.04 W.m-1.K, about 17% reduction
relative to the pristine ingot (1.26 W.m-1.K at 300 K). Generally, the κtot in BST materials
consists of a lattice part (κL), an electronic part (κe), and a bipolar part (κbi). The κe and κbi
can be calculated based on the two-band model involving a valence band and a conduction
band[37] (see SI) and then L can be extracted by subtracting the e+bi from the κtot.. The
temperature dependence of κtot- κe, κL and κbi are shown in Figure 6.4. It can be noted that
the κL values are significantly reduced in the CFs incorporated BST materials. Figure
6.5b shows how the CFs incorporation affect the κL of BST/materials at 300 K. It can be
clearly seen that the κL decreased by as much as 34% (from 0.85 to 0.55 W.m-1K-1) as the
contents of CF increased from 0 to 0.5 wt%. Moreover, we found that κbi in BST/CF
samples is greatly suppressed (Figure 6.4), indicating the suppression of bipolar carrier
diffusion. This can occur due to the enhanced hole carrier concentration. Due to the
suppression of bipolar carrier transport, the average ZT in the BST/CF composites are
greatly improved over a wide temperature range.

Figure 6.4. The partial thermal conductivity contributions for BST ingot and BST/CF
samples, showing the temperature dependence of: (a) the sum of the lattice and the bipolar
thermal conductivity; (b) the lattice thermal conductivity (extrapolated values) and (c) the
bipolar thermal conductivity (calculated by two band model). The black dashed line and
the cyan dashed line in (b) are the calculated L based on the Debye-Callaway model.
To understand the origin of low κL, we carried out the microstructural
characterizations. Figure 6.6 shows the microstructures of a typical BST/CF05 lamella
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produced using focused ion beam milling. SEM backscattering image shown in Figure
6.6a detects a large amount of CFs (dark against the bright background) which are
uniformly dispersed within the BST matrix without agglomeration. CFs have a wide range
of sizes, ranging from a few hundred nanometres to a few microns in diameter and length
(Figure S 6.3). From the low magnification bright field (BF) scanning transmission
electron microscope (STEM) image (Figure 6.6 b), we observed that the CF particles
(bright areas) and some of nano-sized precipitates (circled) were randomly distributed in
the BST matrix. Energy dispersive X-ray spectroscopy (EDS) mapping was used to
confirm the presence of the carbon phase (Figure S 6.9). The composition of the
nanoprecipitates was found to be an Sb-rich phase (Figure S 6.10). The size of the grains
adjacent to the carbon phase regions was smaller than that of the grains distant from such
regions. This indicates that the carbon inclusion can refine the grain size of the BST,
which is consistent with scanning electron microscopy (SEM) analysis. The high
resolution BF image in Figure 6.6c shows the interface between the BST matrix (left)
and the carbon phase. The BST has good crystallinity while the carbon phase is weakly
graphitic, with highly disordered planes parallel to the interface. The interface between
the BST and the CF is abrupt, which is beneficial for increasing the thermal resistance
and thus lowering the thermal conductivity. Figure 6.6d shows a high-angle annular darkfield (HAADF) (STEM) image of the interface between the Sb-rich particle and BST
matrix. The Sb-rich precipitates show a large misfit with the lattice structure of the BST
matrix, resulting in strains at the interfaces, effectively decreasing the The nanoscale
Sb-rich particles are commonly observed (Figure 6.6e), and in this instance small voids
(dark) are also present. Detailed imaging of such particles (Figure 6.6f) shows atomic
number contrast variation and lattice spacing differences. The inset FFT image shows
weak additional reflections arising from an unaligned phase. There is some misalignment
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with the lattice structure of the matrix across the interface due to the local lattice strain.
The different size of phase interfaces and the related strains can act as effective scattering
centres for phonons.

Figure 6.5. Thermoelectric properties of BST/CF samples at 300 K: (a) Carrier
concentration (p) and carrier mobility (µH) of samples as a function of the CF content; (b
Lattice thermal conductivity (L) at 300 K with varying amounts of CF contents. The
thermal conductivities are predicted by rule of mixture model, Hashin–Shtrikman bound
model (H-S lb and H-S ub), and Bruggeman’s asymmetric model (B-EMA) taking into
account interfacial thermal resistance between CFs and BST; (c) thermoelectric quality
factor (B) and figure of merit of ZT as a function of the CF content.
The low κL values can arise from lattice softening

[38]

and full-spectrum phonon

scattering due to defects of different dimensionalities: 0-D atomic defects, 1-D
dislocations and 2-D boundaries (including intrinsic grain boundaries and phase
boundaries). The potential phonon scattering mechanisms in our BST/CF sample are
illustrated schematically in Figure 6.7a. The atomic defects and in-situ nanoscale
precipitates would effectively scatter phonons with short and medium mean free paths.
The mesoscale phase and intrinsic boundaries can further scatter the phonons with longer
mean free paths. Grain-boundary phonon scattering has been demonstrated to be
important in improving the TE performance of Bi2Te3-based alloy. By considering the
multi-phonon scattering mechanism, we employed the well-accepted Debye-Callaway
model to calculate the L. In the Debye-Callaway model, κL can be calculated by:
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Figure 6.6. Microstructures of the SPS BST/CF05 specimen: (a) Scanning electron
microscope (SEM) `backscatter electron image showing the distribution of carbon fibers
(dark against the bright background) in the matrix. (b) Low-magnification Bright Field
(BF) STEM image showing the BST matrix (dark), carbon phase (light) and nanoprecipitates (medium grey), many of which are associated with voids; (c) High resolution
STEM BF image showing the interface between the BST matrix (left) and the very weakly
graphitic carbon fiber (right). Inset is the fast Fourier transform (FFT) of the BST matrix.
(d) High-angle annular dark-field (HAADF) image showing an Sb-rich precipitate (dark)
and the BST matrix (light). Inset is the FFT of the BST phase; (e) HAADF image showing
a nanoscale Sb-rich precipitate (medium grey) and void (dark) in a BST matrix; (f)
HAADF detail of (d) showing an interfacial region between the precipitate and the matrix,
which is oblique and irregular. Weak additional reflections from the unaligned precipitate
(in this projection) are evident in the FFT (arrowed).
In the above equations, z 

h
(with ω denoting the phonon frequency) is the
k BT
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reduced phonon frequency, ħ is the reduced Plank constant, θD is the Debye temperature,
 is the sound velocity, and τtot is the total relaxation time. The phonon scattering
pathways generally include phonon-phonon Umklapp (U), point defects (PD), and grain
boundaries (B). In addition, phonon scattering from the precipitates and voids are also
included. As depicted in Figure 6.4b, the calculated L with ‘U+PD+B’ phonon scattering
can match well with experimental L curve of the pristine BST sample. In the case of
BST/CF05 materials, except for common ‘U+PD+B’ phonon scattering, we take the
precipitates (the CF inclusions and Sb-precipitates) and voids scattering into
consideration in calculating L. It can be seen that the calculated L (cyan dotted curve in
Figure 6.4b) can be well fitted to the experimental L, indicating that the reduced L in
BST/CF materials is the result of multiple-phonon scattering.
CF dispersed in the matrix should play an important role in the BST materials and
suppresses the heat conduction. The intrinsic L of CFs is as high as 20 W.m-1.K-1[39] ,
which is much greater than that of BST (0.85 W.m-1.K-1 at 300 K). According to the
general rule of mixture for composites, the effective thermal conductivity of BST/CF
materials should be between that of the two component materials. Additionally, based on
the effective medium approximation, the effective thermal conductivity of composite
materials should be limited to the Hashin-Shtrikman (H-S) bounds (see SI).[40, 41] As
shown in Figure 6.5b, the CF content dependence of L neither follows the rule of
mixtures nor falls within the H-S bounds, indicating that these classic models can not
account for the reduction in L of BST/CF composite materials. The low L of BST/CF
composite materials may be associated with the imperfect interfacial thermal resistance
between different constituent phases. The interfacial thermal resistance (Rk), which is
defined as the ratio of the temperature discontinuity to the heat flux flowing across the
interface, are commonly found in composite materials system due to differences in the
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physical properties (such as poor mechanical or chemical adherence at the interface and
a thermal expansion mismatch) of constituent materials. The highly dissimilarity in
density, sound velocity, and phonon density of states between carbon and BST matrix
would result in the large Rk, thus suppressing the heat conduction. In our recent work[42],
we have demonstrated that the phonon frequency mismatch in the phonon density of states
between carbon and matrix are responsible for strong scattering of phonons at the
composite interfaces, which significantly impedes the conduction of heat. Figure 6.7b
shows the big mismatch between the calcualted phonon density of states of BST and CFs.
BST shows ultra-high phonon density of states below 5 THz, whereas CF has very low
phonon density of state under the same frequency. It should be noted that Rk is inversely
proportional to the phonon transmission probability (α). According to the diffusive
mismatch model (DMM)[43], the α of a phonon i with frequency  escaping materials A
and entering materials B can be expressed by:

(i ) 

G
j

G
j

A

B

(i , T)

(i , T)   j G B (i , T)
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Where G A (i , T) and G B (i , T) is phonon density of states of A and B material at same

 and temperature T, j is the phonon mode including transverse and longitudinal mode.
As shown in . Figure 6.7b, because of the ulta-high phonon density of states for BST and
the relatively low phonon density of states for CF below 5 THz, the phonon transmission
probability will be very poor. Furthermore, above the 5 THz, there are no available modes
in the BST, which indicates that heat transmission via phonon will be forbidedden at the
level of a first-order single phonon processes. Thus, the large phonon mismatch between
CF and BST is the origin of the large interficial thermal resistance in BST/CF composite
materials. By using the the acoustic mismatch model (AMM) and the diffuse mismatch
model (DMM) [44-46],the Rk of BST-CF heterogeneous interface can be roughly predicated
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to be 1.4×10-6 (AMM) and 1.2×10-6(DMM) m2K.W−1, respectively. The Rk of CF-BST
interfaces is significantly higher than that of graphite/Cu2Se

[47]

and CoSb3/graphene

interfaces[48]. In addition, the BST grain boundary thermal resistance can be calculated by
the following empirical equation:

 poly 1   bulk 1  Rk / deff

6.5

Where κbulk is the intrinsic thermal conductivity in a BST single crystal, deff is the
average grain size of polycrystalline and Rk is the BST grain boundary thermal resistance.
The intrinsic lattice thermal conductivity of BST single crystal was found to be about 1[49],
the average grain size of the pristine BST is about 3.5 m (Figure S 6.3). As a result, the
calculated interfacial thermal resistance of the polycrystalline BST is about 6.17x10-7 m2
K.W−1. Obviously, the Rk value of CF-BST heterogeneous interfaces is much larger than
that of pure BST grain boundary, which may be responsible for the low L of BST/CF
composite materials. By taking into account the Rk, we employed the Bruggeman’s
asymmetric model (see SI) based on effective media approximations (abbreviated as B–
EMA)

[50, 51]

to predict the effective thermal conductivity of BST/CF materials with

varying amounts of CF content. Based on the B-EMA model, the Rk can be obtained by
fitting the data in Figure 6.5b and the resulting Rk value in composite materials is about
2.210-6 m2.K.W-1. It should be noted that the calculated Rk not only includes the CF/BST
thermal resistance, but also involves other thermal resistance effects caused by multiple
phonon scattering process arising from crystal imperfections such as grain boundaries,
point defects, nano-voids and nano-precipitates. It is reasonable that this value is larger
than the CF-BST interfacial thermal resistance obtained by the AMM and DMM model.
There is no denying that the CFs themselves with high intrinsic thermal conductivity can
contribute to the overall thermal conductivity of composites. However, due to the large
225

impact of interfacial thermal resistance, the contribution of CFs to increasing the lattice
thermal conductivity is counteracted. As a result, the lattice thermal conductivity of the
composites is much lower than that of BST matrix and is insensitive to small variations
of CF content. This is also considered to be the main reason, why we observed that the
difference in lattice thermal conductivity of the BST/CF composites with 4 ~ 6 wt.% CFs
is very small (Figure 6.4). Based on the points discussed above, it can be deduced that
the large phase-interfacial thermal resistance between CFs and BST is mainly responsible
for the unexpected low L in BST/CF composites.

Figure 6.7. (a) Schematic representation showing the possible phonon transport
mechanisms in the BST/CF samples.(b) The phonon mismatch between BST and Carbon
fibres. BST shows ultra-high phonon density of states below 5 THz, while CF has very
low phonon density of states below 5 THz; this indicates a low probability of transmission
for phonons below 5 THz. Above 5 THz, the phonon density of states of CF are still
widely distributed, whereas that of BST is negligible, indicating transmission of highenergy phonons will be forbidden at a direct one-phonon process. The low probability of
transmission for phonons leads to the large interfacial thermal reisistance between CFBST interfaces, thereby suppressing the heat conduction in BST/CF composites.
In a semiconductor, the maximum ZT can be determined by the thermoelectric
material quality factor, B, defined as[16]
3/2
5/2
5/2
 k  8 e(2me kB ) wT
6  wT
B B 

4.33

10
h3
L
L
 e 
2
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6.6

Where w  (m * / me )1.5 is the weight mobility with the units of m2V-1S-1, and me
and m* are the electron rest masses and the density of states (DOS) effective. From
equation (6), the quality factor, B, is proportional to w /  L , which can be used to evaluate
if there is net gain in thermoelectric performance. Figure 6.5c shows the calculated
thermoelectric quality factor (B) and ZT as a function of CF contents. We can conclude
that a higher B obtained by incorporation of CFs, results in greatly improved ZTs in BST
samples containing CFs compared to a sample without CFs.

Figure 6.8. . (a) Micro Vickers hardness and (b) fracture toughness of BST/CF samples
compared with the sample MS40 in ref
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. The insets in a) show the microscopic

appearance of indentation of pure BST (left) and BST/CF composite.
6.4.4 Mechanical Properties
The incorporation of CF into BST materials not only significantly improves the TE
performance, but also enhances the mechanical properties. Figure 6.8 shows the Vickers
hardness and fracture toughness of the BST/CF samples compared with the sample
(MS40) fabricated by melt spinning in Ref [52]. The hardness and the fracture toughness
of pure BST is found to be about 0.3 GPa and 0.85 MPa.m1/2, respectively. Remarkably,
the hardness and fracture toughness of the BST/CF06 samples can reach as high as 0.8
GPa and 1.4 MPa.m1/2, which is higher than that for pure BST and MS40.This indicates
that the CF could be used as a reinforcing agent to effectively improve the mechanical
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durability. CF has superior mechanical properties and it can generate a bridging effect,
which take up additional loads when a crack is induced and encounters the CF, thus
arresting the crack propagation and leading to the enhanced mechanical properties. The
mechanical properties are very desirable in addition to ZT for TE application since TE
modules usually work under cyclic heat stress and high current concentration. Figure S
6.18 shows temperature dependent thermal expansion for p-type comercial BST
(Bi0.5Sb1.5Te3), BST/CF sample and n-type commercial BT (Bi2Te3) sample. The mean
thermal expansion coefficient (m.CTE) of BST/CF04 is slightly lower than that of the
commercial BST ingot, but higher than that of the n-type BT sample. It means that the
thermal expansion coefficient of BST/CF is closer to that of the n-type BT sample. It
should be noted that minimizing the thermal expansion coefficient mismatch between the
n and p-type materials is beneficial to the long-term reliability of devices.
6.5 Conclusions
In conclusion, by combining CF incorporation with SPS reprocessing, the TE
performance in BST has been significantly improved over a wide range of temperature
due to significantly supressed thermal conductivity. We have achieved a maximum ZT of
1.4 and an average ZT of 1.25 (300-500 K) which outperforms most of the recently
reported BST-based materials. Multiscale microstructures such as nanoscale precipitates
and mesoscale phase boundaries with giant interfacial thermal resistance are responsible
for the low thermal conductivity. In addition, the moderate electrical conductivity of CF
and the relatively low energy barrier at the CF/BST interface enables carriers to cross the
interface easily, thereby retaining the relative high power factor. A single TE unicouple
device consisting of p-type BST/CF composite materials and commercial n-type materials
has generated a large cooling temperature difference of 35-57 K at an operating
temperature of 299-375 K and a current of 4.5 A, which is 1.6~1.9 times higher than the
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REF device made from commercially available p-type and n-type TE materials. In
addition to the high thermoelectric performance, the superior mechanical properties of
BST/CF composite materials offer a great potential for device applications.
6.6 Supporting Information
XRD and SEM Characterization

Figure S 6.1. (a) Powder X-ray diffraction (XRD) patterns of BST ingot and BST/CF
samples. (b) XRD patterns of BST/CF00 and BST/CF05 samples along both in-plane and
cross-plane directions.

Figure S 6.2. Scanning electron microscope (SEM) secondary electron images of
fractured surfaces of: (a) BST/CF00 and (b) BST/CF05 sample samples. The white arrows
in (b) indicate the carbon fibers.
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Figure S 6.3. Scanning electron microscope (SEM) image of polished surface of
BST/CF05 sample. (a) and (b) Secondary Electron image (SEI) , (c) Back Scattered
Electron (BSE) image.
Cooling Performance of TE unicouple

Figure S 6.4. Time dependent cooling performance of BST/CF at room temperature and
various working currents. Comparison of time dependence of hot-side Th and cold Tc
between BST/CF and REF unicouple under the electrical current of (a) I=3.5 A; (b) I=4
A; (c) I=4.5 A at room temperature.
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Figure S 6.5.Time dependent cooling performance of BST/CF at various hot-side
temperatures (Th) and working electrical current (A).Comparison of time dependence of
hot-side Th and cold Tc between BST/CF and REF unicouple under various working
condition, (a) Th=327 K and I=3.5 A; (b) Th=327 K and I=4.5 A; (c) Th=350 K and
I=3.5 A; (d) Th=350 K and I=4.5 A; (d) Th=373 K and I=3.5 A; (d) Th=373 K and
I=4.5 A.

231

Electrical transport properties (in-plane direction)

Figure S 6.6. Temperature dependence of (a) the Hall carrier concentration and (b) Hall
mobility in-plane directions for 10-340 K. The insets show the in-plane directions.

Figure S 6.7. Seebeck coefficient as a function of the carrier concentration measured in
the in-plane direction.
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UPS mearsurement

Figure S 6.8. The similar work function between CF and BST matrix. (a) Ultraviolet
Photoelectron Spectroscopy (UPS) of the Bi0.5 Sb1.5Te3 matrix. The insets shows the cutoff energy and Fermi energy of UPS spectrum. The work function (W) can be calculated
according to the formula W = hcut-off -Efermi. (b) Schematic of the band structure near
the interface between the CF and the Bi0.5 Sb1.5Te3 matrix.
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EDS analysis

Figure S 6.9. Scanning transmission electron microscope-energy dispersive spectroscopy
(STEM EDS) mapping characterisation of BST/CF05 shown in Figure 6.3: a) High-angle
annular dark field (HAADF) image. The large carbon fiber particles appear dark in this
atomic number contrast imaging mode; EDS maps of:b) Te L, c) C K, d) Bi L, e) Sb L.

Figure S 6.10. a) HAADF image of an Sb-rich inclusion; STEM X-ray maps of showing
the inclusion to be Sb b) Sb L, c) Te L and d) Bi L.
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Figure S 6.11. Thermoelectric performance of BST ingot and BST/CF samples along the
cross-plane direction (measured perpendicular to the pressing direction). Temperature
dependence of (a) the electrical conductivity, (b) the Seebeck coefficient, (c) Power the
power factor, (d) the total thermal conductivity.

Figure S 6.12. Temperature dependence of ZT of BST ingot and BST/CF samples along
the cross-plane direction (perpendicular to the pressing direction).
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Figure S 6.13. The sum of lattice and bipolar thermal conductivity for BST ingot and
BST/CF samples in cross-plane direction.

Figure S 6.14. Temperature dependence of (a) the Hall carrier concentration and (b) Hall
mobility in-plane directions for 10-340 K. The insets show the cross-plane directions.

Figure S 6.15. Thermoelectric properties of BST/CF samples measured in the cross-plane
direction at 300 K as a function of CF content: (a) Carrier concentration (p) and carrier
mobility (µH); (b) Lattice thermal conductivity; (c) thermoelectric quality factor (B) and
figure merit of ZT.
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Figure S 6.16. Seebeck coefficient as a function of the carrier concentration in the crossplane direction.

Specific Heat Capacity

Figure S 6.17. Temperature dependence of (a) the specific heat capacity. The Cp for
reference BST ingot is 0.183 J.g-1.K-1 and Cps of BST/CF00-06 are 187~0.195 J.g-1.K-1
at 300 K, which is close to the value calculated by calculated value (Cp=0.186 J.g-1.K-1)
by Dulong-Petit Laws.
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Thermal Expansion

Figure S 6.18 Temperature dependence of thermal expansion for p-type BST
(Bi0.5Sb1.5Te3), BST/CF sample and n-type BT (Bi2Te3) sample
Reproducibility of thermoelectric properties
For in-plane direction
To ensure the reproducibility of thermoelectric properties of this work, we sent our
representative samples to an independent thermoelectric group-Jing-Feng Li’ laboratory
at Tsinghua University for replicate measurement. Measurement instruments in Tsinghua
are ZEM3 (Advanced Riko, Inc) for Seebeck and electrical conductivity, and Netzsch
LFA457 for thermal diffusivity. Meanwhile we also measured all the thermoelectric
transport properties for all samples in order to verify the reproducibility.
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Figure S 6.19. Schematic diagram of the Seebeck Coefficient and Electrical conductivity
measurement setup of (a) RZ2001i system and (b) Linseis LSR3, (c) ZEM3. The diagrams
are taken from the Ozawa Science RZ2001i, Linseis LSR3 and ZEM3 manuals.

Figure S 6.20. Reproducibility of electrical transport properties (In-plane direction) of
BST/CF samples. Temperature dependence of (a) Seebeck coefficient, (b) electrical
conductivity and (c) power factor for BST/CF05 samples. Temperature dependence of (d)
Seebeck coefficient, (e) electrical conductivity and (f) power factor for BST/CF04
samples. The ZEM3 measurement was performed at Tsinghua University. The LSR3 and
RZ2001i measurement was conducted in our laboratory at University of Wollongong.
1. Electrical transport properties (in-plane direction)
At the beginning, the data for electrical conductivity (σ) and Seebeck coefficient (S)
were measured using the commercial RZ2001i system (Ozawa Science, Nagoya, Japan)
in our laboratory. Figure S 6.19 shows the measurement setup diagram of commonly
used commercial RZ2001i, LSR3 and ZEM3 instruments. Considering that LSR3 is very
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similar to the ZEM3 system, we also re-measured electrical transport properties by using
LSR3 system in our Laboratory. We have summarised all data measured in Figure S 6.20.
As shown in Figure S 6.20, the data measured by LSR3 is very consistent with the
results measured by ZEM3 from in Tsinghua University. The previous experimental
results for power factor measured using the RZ2001i is a bit higher than those obtained
with LSR3 and ZEM3. Considering the consistency of measured results between LSR3
and ZEM3, we believe the experimental data obtained from LSR3 and ZEM3 are more
reliable. Thus, we report the new data from LSR3. Figure S 6.21 shows the electrical
transport properties of other samples measured by LSR3 system, and the old data
measured by RZ2001i system are plotted for comparison.

Figure S 6.21. Comparison of electrical transport properties (In-plane direction) (Seebeck
coefficient, electrical conductivity and power factor) measured by LSR3 and RZ2001i
systems. Temperature dependence of electrical transport properties for (a) BST ingot (b)
BST/CF00, (c) BST/CF03 and (d) BST/CF06 samples.
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2. Thermal transport properties (in-plane direction)
The thermal diffusivity in this work was measured by Netzsch LFA467. Figure S
6.22 shows a comparison of thermal transport results measured by our laboratory with
those from Tsinghua University. As shown in Figure S 6.22, the experimental results are
very consistent with each other.

Figure S 6.22. Reproducibility of thermal transport properties (in-plane direction) of
BST/CF samples. Temperature dependence of (a) thermal diffusivity and (b) thermal
conductivity for BST/CF05 samples, and (c) thermal diffusivity and (d) thermal
conductivity for BST ingot samples. Data measured by Linseis LFA1000 and Netzsch
LFA467 is from our laboratory, and data measured by Netzsch LFA 457 is from Tsinghua
University.
1. ZT (in-plane direction)
Figure S 6.23 shows the reproducibility of ZT for this work. The ZT has been
independently confirmed by Tsinghua University.
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Figure S 6.23. Reproducibility of ZT (in-plane direction) of BST/CF05 samples. The
ZT was independently confirmed by Tsinghua University.
Cross-plane direction
The electrical transport properties and thermal diffusivity along the cross-plane
direction were measured by commercial RZ2001i and LFA 467 systems in this work. The
thermal diffusivity or thermal conductivity measurements have been repeated by
Tsinghua University, as shown Figure S 6.24. The electrical transport properties along
the cross-plane direction were not replicated using other measuring systems because the
length (7-8 mm) along the pressing direction (cross-plane direction) was insufficient for
measurement by LSR3 or ZEM3. Thus we do not provide Seebeck and electrical
conductivity results from other independent laboratory. Figure S 6.25 shows the
reproducibility of thermoelectric properties (Cross-plane direction) of BST/CF05
samples.
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Figure S 6.24. Reproducibility of thermal transport properties (Cross-plane direction) of
BST/CF05 samples. Temperature dependence of (a) thermal diffusivity, (b) thermal
conductivity.

Figure S 6.25. Reproducibility of thermoelectric properties (Cross-plane direction) of
BST/CF05 samples. Temperature dependence of (a) Seebeck coefficient, (b) electrical
conductivity, (c) power factor; (d) thermal conductivity; (e) ZT.
Density and Carbon Fiber Content of Samples
Table S 6.1: Density and CF content of bulk BST/CF samples.
BST
Samples

BST/CF00

BST/CF03

BST/CF04

BST/CF05

BST/CF06

ingot
Density (ρ, g/cm3)

6.496

6.521

6.496

6.425

6.481

6.319

Relative Density

96.0%

96.2%

95.8%

94.8%

95.6%

93.3%

0 wt%

0 wt%

0.3 wt%

0.4 wt%

0.5 wt%

0.6wt%

0 vol%

0 vol%

1.0 vol%

1.31 vol%

1.66 vol%

1.94 vol%

CF content
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Table S 6.2. Typical Properties of Carbon Fibers at 300 K
Property

Carbon Fibers

Density (g/cm3)

1.75~1.95 [53]

Diameter (m)

7~10 (measured)
600 [39]
-1

Electrical conductivity (S.cm )

1130 (measured, fiber axis)

Thermal conductivity (W.m-1. K-1)

20 (fiber axis)[39]

Tensile strength (Gpa)

3.8[39]

Tensile modulus (Gpa)
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Modeling study on electronic transport
1. Single parabolic band model
Assuming a single parabolic band model and the dominant acoustic phonon
scattering[54, 55], the Seebeck coefficient depends only on the reduced Fermi level η.

S 

k B F12
(
 )
e F0 2

S 6.1

Where kB is the Boltzmann constant, e is the electron charge, Fn (η) is the n-th order
Fermi integral, and η is the reduced Fermi energy.
The Hall carrier concentration and Hall mobility can be calculated according to the
following eqn.

 2m*k BT 
n  4 

2
 h


3/2

F1/2 ( )

S 6.2

The Hall carrier concentration (nH =1/RHe) is related to the chemical carrier
concentration n via nH = n/rH, where the Hall factor rH for acoustic phonon scattering is
given by:
nH 

1
n

RH e rH
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S 6.3

rH 
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S 6.4

The mobility calculated using the product of σ and RH, the Hall mobility μH, is also
dependent on η. The relationship between μH and the energy independent mobility
parameter μ0 is given by:
F
1
 0 1/2
 nH e
2 F0

H 

S 6.5

The weighted mobility is related to μ0, given by:

w  0 (m* / me )3/2

S 6.6

The electrical conductivity, σ, can be expressed as a function of η and the weighted
mobility, μw , given by:



8 e 2me k BT 3/2
(
) w F0
3
h2

S 6.7

Fj is the Fermi integral:

Fj = 



0

x j dx
1  exp( x   )

S 6.8

The Lorenz factor (L) is given by:

L(

k B 2 3F0 F2  4 F12
)
e
F02

S 6.9

2. Two band model
In the case of the conduction band (CB) and valence band (VB) contribution to
conduction, the total thermoelectric properties are calculated using the following
equations.
Total electrical conductivity:
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σtot =  σi

S 6.10

i

Total Seebeck coefficient

 Sσ
σ
i

i
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i

S 6.11
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Total Hall coefficient

RHtot

R
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Total thermal conductivity



2
κtot = κ L +  Li σ iT +T   Si2 σ i - Stot
σ tot 
i
 i


S 6.14

Where subscript i represents the contribution from each band, which can be
calculated by the single parabolic band model. In equation S 6.14, the first term, second
term and third term is lattice thermal conductivity (L), electronic thermal conductivity
(e) and bipolar thermal conductivity (bi), respectively. As BST is a p-type material, its
carrier concentration of holes (p) and electrons (n) follow the charge neutrality equation,
p=NA+n, where NA is the number of acceptors. The reduced Fermi energy (e) for
electrons can be calculated by

ηe = -Eg kbT - ηh

S 6.15

Where Eg is the band gap (0.14 eV at 300 K) of BST. By fitting the two band model
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to the measured S and the transport parameters of holes and electrons can be derived
and then the e and bi can be estimated.
Calculation of thermoelectric conversion efficiency
The efficiency of a thermoelectric material with temperature-dependent properties
under a given operating condition is precisely calculated by considering selfcompatibility

[56]

. By treating the material to be a series of segments each at different

temperatures, the temperature dependent transport properties are taken into account. The
reduced efficiency ηr (fraction of Carnot efficiency) needs to be optimized by adjusting
the relative current density u=J/κ∆T, where J is the electric current density. ηr can be
expressed as

r 

u ( S  u  )
us  1/ T .The

compatibility, s is calculated by

ηr is maximum when u=s, where s is the thermoelectric
s

1  zT  1
ST
. The compatibility factors of p-type CF-BST

composites are shown inFigure S 6.26. With the precise maximum conversion efficiency,
we can defined the device figure-of-merit ZT (as opposed to the material ZT). The
calculated efficiency and Device ZT shown in Fig.1 was calculated by the methods. The
details can be found in the ref [33].

Figure S 6.26. The thermoelectric compatibility
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Calculation of interfacial thermal resistance by acoustic mismatch model (AMM)
and diffuse mismatch model (DMM).
The details of AMM model and DMM model for calculating the interfacial thermal
resistance (TBR) are described in the ref [46, 57]. Table S3 is the materials parameters for
this calculations.
Table S 6.3. The materials’ parameter used to calculate interfacial thermal resistance.
Parameters

Description

Value

Ref.

94 K

[23]

2539 m s-1

[58]

1835 m s-1

[58]

2070 m s-1

[58]

6.79 g/cm3

-

2.34×10^4 m s-1

[47]

1.86×10^4 m s-1

[47]

2.02×10^4 m s-1

[47]

1.95 g/cm3

-

Acoustic mode
ΘD

Debye temperature of
BST
Longitudinal sound

v1,L

speed of BST
Transverse sound

v1,T

speed of BST
Average sound speed

v1

of BST

ρ1

Density of BST
Longitudinal sound

v2,L

speed of Carbon
Transverse sound

v2,T

speed of Carbon
Average sound speed

v2

of Carbon

ρ2

Density of Carbon

Debye-Callaway model
According to the Debye-Callaway model,[59-61] κL can be calculated by

k k T 
 L  B2  B 
2   h 

In the above equations, z 

3

D
T
0



 tot

z 4 exp  z 
exp  z   1

2

dz

S 6.16

h
(with ω denoting the phonon frequency) is the
k BT

reduced phonon frequency, ħ is the reduced Plank constant, θD is the Debye temperature,
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1  1
2
  3  3
 3   L T





1/3

(with  L and  T respectively denoting the longitudinal and

transverse sound velocities) is the sound velocity, and τtot is the total relaxation time. The
phonon scattering pathways generally include phonon-phonon Umklapp (U), point
defects (PD), and grain boundaries (B).[62, 63]. We assumed that the dominant scattering
mechanisms relevant to BST are common ‘U+PD+B’ scattering.
Umklapp phonon-phonon scattering whose relaxation time can be calculated by [64]

 U 1  AN

2
(6 2 )1/3

k BV 1/3 2 2T
M 3

S 6.17

Where V,  , and M are the atomic volume, Grüneisen parameter, and the atomic
mass. The parameter AN takes normal phonon–phonon scattering that can be determined
by fitting experimental data.
Point-defect scattering arises from an atomic size disorder in alloys. The disorder is
described in terms of the scattering parameter () within the τPD-1 formula as[65]

 PD 1 

V4

4 3

S 6.18

In eqn. 6.18,  is related to the difference in mass (ΔM) and lattice constant (Δa)
between two constituents of an alloy as[66].

  x(1- x)[(

M 2 2
1  r 2 a 2
)  {(G  6.4 )
}( ) ]
M
9
1 r
a

S 6.19

where x , M , G, r, and a are the fractional concentration of either of
constituents, difference in mass, parameter representing a ratio of fractional change of
bulk modulus to that of local bond length, Poisson ratio, and the difference in lattice
constant, respectively. The G was regarded as an adjustable parameter in the calculation.
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The relaxation time associated with boundary scattering (τB) [67]is given by:

 B 1 

v
d

S 6.20

Where d is the average grain size. As for BST/CF05 sample, there are additional
relaxation times associated with the precipitates and nanovoids that it is necessary to be
considered.
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Table S 6.4. Parameters for Debye-Callaway model.
Parameters

Description

Value

θa

Acoustic mode Debye temperature

94 K[23]

M Bi2Te3

Average atomic mass of Bi2Te3

2.79×10-25 kg

M Sb2Te3

Average atomic mass of Sb2Te3

2.07×10−25 kg

VBi2Te3

Atomic volume of Bi2Te3

3.40×10−29 m3

VSb2Te3

Atomic volume of Sb2Te3

3.13×10−29 m3

v

Average sound speed

2147 m s-1 [58]

vL

Longitudinal sound speed

2884 m s-1 [58]

vT

Transverse sound speed

1780 m s-1 [58]



Grüneisen parameter

2.33 [68]

r

Poisson’s ratio

0.24 [23]

V

Average atomic volume

31.26 Å3

M

Atomic mass of matrix

2.22×10−25 kg
BST: 3.5 μm;

d

Grain size
BST/CF05:2.4μm

AN

Ratio of normal and Umklapp process

2.2 (fitted)

G

Parameter for calculating scattering parameter 

34 (fitted)

K

Bulk modulus

44.8 Gpa[23]

Average radius for the precipitates

90 nm

/Voids

80 nm

/Inclusions

800 nm

Number density of precipitates

4.2×1018 m3

/Voids

3.9×1017 m3

/Inclusions

8.03×1017m3

R

NP

D

D

Density

difference

between

inclusions and matrix

precipitate/

Precipitates:
0.122 g/cm3 inclusions:
3.95 g/cm3
6.48 g/cm3

Density of matrix
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The relaxation time associated with nanostructures can be given as: [69, 70],

4
9

 p 1  v[(2 R 2 ) 1  ( R 2 (D / D) 2 ( R / v) 1 ]1 N P S 6.21Where
R is the average radius for the precipitates D is the matrix density, ΔD is the density
difference between the precipitate and matrix, Np is the number density of precipitates,
respectively. The phonon relaxation time of phonons scattered by nano-voids is calculated
by Equation S 6.21 by assuming ΔD equal to D.
Effective medium Model
1. Rule of Mixture
Generally, the composite material's transport properties can be roughly predicated
by the rule of mixture model:

σ com = (1- f)σ m + fσ CF

S 6.22

Where com, m and CF are the electrical conductivity of composites, matrix and
carbon fibers, f is volume fraction of carbon fibers dispersed in the BST matrix.

Figure S 6.27. Temperature dependence of electrical conductivity of pure carbon fibers.
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Figure S 6.28. Electrical conductivity of BST/CF samples at 300 K with varying amounts
of CF contents. The blue circle symbol represents the experimental data. The red line
shows the predication of electrical conductivity by Rule of Mixture model, indicating that
the electrical conductivity is insensitive to small additions of CF content.
2. Hashin-Shkritman bound model
From the viewpoint of micromechanics, the effective thermal conductivity of
composite materials should lie within the Hashin-Shtrikman (H-S) bounds[40, 41] For twophase composite materials, the Hashin–Shtrikman bounds can be expressed as follows.
For the upper bound

κ+HS = φ1κ1 +φ2 κ2 -

φ1φ2 (κ1 -κ2 )2
φ1κ2 +φ2 κ1 +2κ1

S 6.23

       HS
1 1
2 2

12 ( 1 - 2 )2
1 2 21  2 2

S 6.24

For the lower bound

Where  i is the volume fraction and i is the thermal conductivity of the ith phase.
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2. Bruggeman’s asymmetric model (B-EMA)
In B-EMA model[50, 51], if the intrinsic thermal conductivity of the dispersed phase
is much greater than that of the matrix, the effective thermal conductivity of composites
can be estimated by the following equation:

κcomp = κm

1
3(1-α)

S 6.25

(1- f) 1+α
Where m and comp are the thermal conductivity of bulk and composite; f is the
volume fraction of dispersed phase;  is a dimensionless parameter, as follows:

α = aκ / a

S 6.26

Here a is the radius of the dispersed particles, and ak is the Kapitza radius defined
as:

ak = Rk K m

S 6.27

Rk is the interfacial thermal resistance. Kapitza radius ak is determined by ak =

where andis the phonon mean free path and the possibility of phonon
transmission at the interface. When a>>ak, the particle is large enough that the Rk can be
ignored. Conversely, when a<<ak，Rk dominates the thermal transport. The average size
of CF is about 0.8 m in diameter and several micrometres (8~15 m) in length. Because
the size is very large along fibre axis, the is very small such that the Rk along fiber axis
can be negligible. Therefore, we only consider the Rk perpendicular to the fiber axis, and
the radius a in equation S 6.25 is taken as 0.8 m (the diameter of CF). Based on the BEMA model, the Rk can be obtained by fitting the data in the Figure 6.5b and the resulting
value of Rk is about 2.210-6 m2.K.W-1. It should be noted that the calculated Rk not only
includes the interfacial thermal resistance between CF and BST, but also includes other
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thermal resistance caused by multiple phonon scattering process arising from crystal
imperfect such as grain boundaries, point defects, nano-voids and nano-precipitates. Thus,
it is reasonable that the Rk value is larger than the CF-BST interfacial thermal resistance
obtained by the AMM and DMM model (1.4×10-6 and 1.2×10-6 m2K.W−1).
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Chapter 7: Enhanced Thermoelectric Performance and Mechanical
Strength of n-type BiTeSe Materials Produced via a
Composite Strategy
This chapter was published in Chemical Engineering Journal (Chemical
Engineering Journal, p.131205 https://doi.org/10.1016/j.cej.2021.131205).
7.1 Abstract:
Zone-melted Bi2Te2.7Se0.3 (ZM BTS) alloys are typical n-type commercial
thermoelectric (TE) materials and are utilized for refrigeration and power generation near
room temperature. They usually suffer from poor mechanical performance, as well as
having a low figure of merit (ZT). In this work, we report an effective composite strategy
to improve the TE and mechanical performance of n-type BTS materials by incorporating
carbon microfibers. The introduction of carbon microfibers in BTS effectively reduces
the lattice thermal conductivity due to phonon scattering at multi-scale boundaries and
due to the large interfacial thermal resistance arising from phonon mismatch between the
constituent phases. Simultaneously, it also gives rise to an enhancement of the electrical
conductivity, which originates from the increased carrier density without significant
limitation on its weighted mobility. Consequently, a high peak ZT of 1.1 at 400 K and an
average ZTave value of 0.95 are achieved in the temperature range 300~550 K, yielding a
calculated efficiency of =9%Moreover, the BTS/carbon fiber composites show
superior compressive strength compared to a commercial ZM BTS sample. This
improved strength is highly desirable for real-world TE applications. Our results
demonstrate a novel way to produce high performance TE materials, in which interfaces
with large thermal resistance are used to achieve low thermal conductivity without
significantly degrading the electrical properties of the materials.
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Key words: thermoelectric, BiTeSe/carbon fiber composite, mechanical properties,
electron and thermal transport
7.2 Introduction
Thermoelectric (TE) materials, which can directly convert between the
electrical and thermal energy, are very promising renewable energy conversion
materials due to their important applications in the all-solid state refrigeration and
TE power generation[1, 2].Generally, the utility of TE devices in the real world is
mainly governed by their energy conversion efficiency. The conversion efficiency
of TE devices is mainly dependent on the material's dimensionless figure of merit,
ZT, defined as ZT=S2T/, where σ, S, κ and T are the electrical conductivity,
Seebeck coefficient, total thermal conductivity, and absolute temperature,
respectively[3, 4]. It is obvious that to achieve a high efficiency, TE materials require
a high power factor (product of S2and a low κ.
To date, Bi2Te3-based systems have been the most successful commercially
available TE materials, and have been used in TE coolers. They alsohave potential
applications as TE power generators with low-grade heat sources[5, 6]. However, due to
their relatively low ZT values, they are not efficient enough, and are generally suitable
for niche applications only. Recently, various strategies have been employed to raise the
ZT values of Bi2Te3-based materials, such as introducing point defects[7, 8], texturing[9, 10],
nano-grains[11, 12], second phase nanoprecipitates[13, 14], and the energy filtering effect[15,
16]

, In particular, the TE performance of p-type (Bi,Sb)2Te3 (BiSbTe) materials has shown

great progress. For instance, Poudel et al. reported a high ZT of 1.4 at 373 K in
Bi0.5Sb1.5Te3 alloys by hot pressing ball-milled nanopowders[17]. Our group also achieved
an ultra-high ZT of 1.6 at 375 K in Bi0.5Sb1.5Te3 /boron composite materials[18]. However,
ZT values of n-type Bi2Te3 or Bi2(Te,Se)3 (BiTeSe) materials greater than 1 have been
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rarelly reported. It is well known that maximizing the efficiency of TE devices requires
high performance p-type and n-type TE materials. Thus, it is desirable to enhance the TE
performance of the n-type BiTeSe alloy to match its p-type counterpart in TE devices.
Compared with p-type BiSbTe materials, n-type BiTeSe alloys exhibit stronger
anistropy of carrier transport, leading to challenges in ZT enhancement[19]. For example,
the TE performance of BiSbTe alloy can be greatly improved by the nanostructuring
technique, i.e., ball-milling (BM) and spark plasma sintering (SPS). However, it was
reported that the ZT improvement of BiTeSe was very limited or even negative when
utilizing this strategy[20, 21]. The main reason may lie in the fact that the nano-scale grains
may result in more rapid decrease of carrier mobility than the lattice thermal
conductivity(κL). To maintain or improve electron transport, texturing engineering
techiqiues such as zone-melting(ZM), hot deformation(HD)[22, 23] and re-pressing[24] have
been used to enhance ZT in BiTeSe materials. It was reported that a ZT of 1.1 at 400 K
in n-type Bi2Te2.7Se0.3 was achieved by enhancing the degree of texturing through liquidphase hot deformation techniques[25]. So far, most commercial n-type Bi2Te3-based alloys
are typically ZM ingots or single crystals, which exhibit a high degree of texturing.
Although texturing is effective in enhancing the TE performance of BiTeSe materials, it
also brings some problems, such as poor mechanical properties and high production cost.
There is no doubt that poor mechnical properties will increase the difficulty in assembling
TE moudules, and it is also not benificial for operational durability such devices.
Complicated texturing techniques require complex multiple stage production processes,
which inevitably increase the production cost. Therfore, attaining both superior TE and
mechanical properties in n-type BiTeSe materials are of considerable importance when
produceing materials for real world applications.
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Introducing second-phase inclusions may be a another promising way to achieve
high TE performance in BiTeSe materials[26-28]. The following underlying mechnisms
may account for the role of nanoinclusions in enhancing the TE perfomance. (1)
Nanoinclusions dispersed in the matrix may scatter phonons strongly, resulting in a
reduction in L. (2) Such inclusions can also act as an energy-dependent barrier of
electrons, the so-called energy filtering effect, in which the low energy electrons can be
preferentially blocked, leading to enhanced S. Interestingly, it has been reported that
adding second phase particles with intrinsically high mechanical strength, such as SiC[14,
29]

and MgB2[30], can successfully improve the of mechanical properties of Bi2Te3-based

alloys. Thus, constructing composite structure is a potential approach to addressing the
problem of poor mechanical and TE performance.
Here, we demonstrate a solution to enhance the ZT and the mechanical properties
of n-type BiTeSe materials by adding small amounts of carbon microfiber. Carbon
microfiber exhibits high strength and low weight and is most commonly used to enhance
specific properties of composite materials, such as strength and stiffness. Additionally,
carbon fiber-reinforced cement composites have been reported to have fascinating TE
properties[31]. In the SnSe system, it has been shown that incorporation of carbon fibers
can successfully reduce L without significant detriment to the conductivity, thus leading
to improved ZT[32]. With the goal of developing n-type BiTe,Se)3 materials with both
superior

TE

and

mechenical

performance,

we

successfully

fabricated

Bi2Te2.7Se0.3/Carbon Fiber (BTS/CF) hybrid composites, and systematically investigated
their TE and mechanical properties. The results indicate that the incorporation of a small
amount of CF into a BTS matrix can effectively improve both thermal and electrical
transport. As a result, a high ZTmax of 1.1 at 400 K and a large ZTave of 0.95 (300 K cold
side and 550 K hot side temperature) were obtained in a BTS sample with 0.5 wt% of CF
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added. The high TE performance of the BTS/CF composite is the result of two synergistic
effects: (1) heat-carrying phonons are significantly scattered by interfacces, therby
significantly decreasing L; (2) power factor (PF= S2) does not change significantlydue
to the slightly inreased weighted mobility ratio between majority and minority carriers.
More importantly, as expected, the BTS/CF composite clearly shows superior mechanical
properties. These properties suggests that BTS/CF composites may be a promissing
candidates for realistic applications.
7.3 Experimental section
7.3.1 Sample preparation
A commercial n-type Bi2Te2.7Se0.3 (BTS) ingot material and polyacrylonitrile
(PAN)-based carbon fibers were individually ground into powders by hand with an agate
mortar and pestle. The two powders were mixed in weight ratios of 1: x (x = 0.3%, 0.4%,
0.5%, 0.6%, and 0.8%) by mechanical stirring and ultrasonic dispersion to form a BTS/ x
CF composite powders. The resultant mixtures were consolidated into bulk samples with
15 mm in diameter and 8 mm in height by spark plasma sintering (SPS) at 400℃ for 5
min in a vacuum under the pressure of 50 MPa. The BTS samples with 0%, 0.3%, 0.4%,
0.5%, 0.6%, and 0.8% wt% CF content were denoted as: BTS, BTS/CF03, BTS/CF04,
BTS/CF05, BTS/CF06, and BTS/CF08, respectively.
7.3.2 Structural Characterization
X-ray diffraction (XRD) analysis was carried out on a GBC MMA system using Cu
Kα radiation over 2θ range of 10° to 70°. Field emission scanning electron microscopy
(SEM, JEOL JSM-7500) and scanning transmission electron microscopy (STEM, JEOL
ARM200F) were used to investigate the microstructures and phase compositions of the
as-synthesized bulk samples. STEM specimens were prepared by focused ion beam
milling (FIB, FEI Helios Nanolab). The ultraviolet photoelectron spectroscopy (UPS)
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spectra were measured on a Thermo Fisher ESCALAB 250Xi with a He I radiation
source (h = 21.22 eV) to determine the work function of the BTS matrix and CFs.

7.3.3 Transport Properties Measurement
Due to the intrinsically anisotropic nature of BTS, the transport properties of all the
samples were measured along the same direction. The electrical conductivity and Seebeck
coefficient were simultaneously measured by Linseis LSR3 under a low-pressure He gas
atmosphere. The thermal conductivity was calculated from the relation κ = dCpλ. The
density d was measured using the measured weight and dimensions, and the specific heat
Cp was determined using by differential scanning calorimetry on a DSC-204F1 Phoenix
under an argon atmosphere using a gas flow rate of 50 ml/min. The thermal diffusivity λ
was measured by the laser flash method (Netzsch, LFA-467). The Hall coefficient (RH)
and electrical resistivity were measured by the four-probe contact method using Physical
Properties Measurement System (PPMS, Quantum Design). The corresponding carrier
concentration (n) and carrier mobility () were calculated by the following equations: n
= 1/(eRH) and = RH.
7.3.4 Mechanical Properties Measurement
The compressive strength of the BTS/CF samples and the ZM ingots were measured
using a Shimadzu universal mechanical tester (EZ-L).Vickers micro hardness
measurements were conducted by Struers Emco-Test Durascan-70. Thermal expansion
were measured by thermomechanical analysis instrument (TMA 402).
7.4 Results and Discussions
7.4.1 Microstructural Characterization
The X-ray Diffraction (XRD) patterns of BTS and BTS/CF composite
samples are shown in Figure 7.1. All the diffraction peaks can be identified as
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rhombohedral BTS (JCPDS no.50.0954). No second phases, such as carbon, were
found, indicating that the addition of CF does not change the main crystal structure
of BTS, and the amount of CF is too small to give detectable Bragg reflections. In
addition, the intensities of the (006) and (0015) reflection peaks of BTS and
BTS/CF samples are significantly different from those of the standard reference
sample with an isotropic pattern, which suggests that the as-prepared samples have
preferential orientation perpendicular to [001] direction to some extent. The
orientation factor F for the [001] preferred direction can be calculated using the
Lotgering method[33] and the results are shown in Figure 7.1b. The F value of the
pure BTS specimen is 0.18, but as the CF content increases, the F value decreases
significantly. This indicates that the CF dispersion may help suppress the preferred
growth of grains during the SPS process and thereby reducing the anisotropy.
The morphologies of a pure BTS sample and a typical composite sample with 0.5 %
CF are illustrated in the SEM images in Figure 7.2 and Figure S 7.1 in the Supporting
Information. From the SEM images of fracture surfaces shown inFigure 7.2, we can see
that both BTS and BTS/CF05 samples exhibit a layered structure. Compared with the CFincorporated materials, the pure BTS exhibits a more lamellar structure and shows larger
aligned plate-shaped grains of 5-8 um in diameter. In contrast, the textured degree of the
BTS/CF05 sample is less apparent. Specially, the size of grains close to the CF (Figure
7.2d) is significantly refined (<=1um) and the grain orientation preference is also
weakened, which is consistent with the XRD results. The backscattered electron images
of a polished surface for BTS/CF05 shown in Figure S 7.1 clearly illustrate the
morphology and distribution of CF (dark regions). The carbon fiber particles are about 10
um in diameter and of variable length. There was no obvious agglomeration of carbon
particles observed (Figure 7.2b, c).
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Figure 7.1. (a) X-ray diffraction (XRD) patterns of polycrystalline BTS and BTS/CF
(CF:0.3~0.8 wt%) samples. The spacings shown are for crystalline BTS and no diffraction
features due to the small amount of CFs were observed. (b) the degree of prefereed
orientation preference (00l) of each sample as calculated by Lotgering method, indicating
that the incorporation of CFs can affect the anisotropy of BTS.
To further understand the microstructure of the BTS/CF composites in detail,
scanning transmission electron microscopy (STEM) was conducted on one typical
composite sample (BTS/CF05). Figure 7.3a shows the low magnification bright field
(BF). The BTS matrix is composed of micron or sub-microscale multi-grains. In the BTS
matrix, there are bright regions that correspond to carbon particles. Their identity was
confirmed by X-ray mapping (Figure S 7.2) and electron energy loss spectroscopy (EELS,
Figure S 7.5). The carbon phase exhibits various length scales ranging from several
nanometers to micrometers, which is beneficial for achieving wide-frequency phonon
scattering. Figure 7.3b shows irregular carbon particles between grains of BTS. Some
nanoscale precipitates formed at the carbon/BTS interface (circled in Figure 7.3c 1-4).
These precipitates were identified as Bi2O3 by elemental mapping shown in Figure S 7.3
and Figure S 7.4. It is well-known that carbon fiber surfaces are generally subject to slight
oxidation to enhance their mechanical bonding properties. Thus, we suspect that the
formation of Bi2O3 nano-precipitates may be associated with the presence of oxygencontaining groups on the surface of carbon fibers. Because the electronegativity of oxygen
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is greater than that of Te, Bi can preferentially react with surficial O to form Bi2O3 on the
carbon/BTS phase boundaries. Figure 7.3d shows the interface morphology between the
amorphous carbon fiber and the crystalline BTS matrix. The inset diffractgram indicates
that the BTS is orientated to a [5 -5 1] zone axis. Figure 7.3e is a high annular dark-field
image (HAADF) showing the interface between a Bi2O3 region and amorphous carbon.
The inset diffractogram taken from the Bi2O3 region yields inter-planar spacing which is
in good agreement with those ofBi2O3, which has a monoclinic crystal structure.
Figure 7.3f is of a nanoscale precipitate of Bi2O3 taken from Figure 7.3b. The inset BF
image in Figure 7.3f clearly shows the lattice difference between two phases and their
clear phase boundary. These observed mesoscale and nanoscale boundaries and interfaces
in BTS/CF samples, which include amorphous–crystalline heterophase (C/BTS),
crystalline-crystalline

heterophase

(Bi2O3/BTS)

and

homogeneous

boundaries

(BTS/BTS), can act as multiscale effective phonon scattering centers resulting in
extraordinarily low lattice thermal conductivity.
7.4.2 Electrical and Thermal Transport Properties
The temperature dependence of TE properties including σ, S, and κ were measured
both perpendicular (in-plane) and parallel (cross-plane) to the SPS pressing direction.
Since the BTS/CF samples have better TE performance along the in-plane direction than
the parallel direction, here we only discuss the TE performance along the in-plane
direction.
Figure 7.4a shows the temperature dependence of σ for the BTS and BTS/CF
samples. The σ values for all samples increase with increasing temperature, indicating a
metallic and degenerate semiconductor behaviour. It is evident that σ is significantly
improved over the entire temperature range following the addition of CFs. The largest
increase in σ occurred for a CF addition of 0.3 wt%; σ then decreased with increasing
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amounts of CF addition, but in all cases the values for the CF-modified BTS were greater
than that of the pure BTS. The largest increase in σ occurred for a CF addition of 0.3 wt%;
σ then decreased with increasing levels of CF, but in all cases, the values for the CFmodified BTS were greater than that of the pure BTS.

Figure 7.2. (a-b), Fracture surface of BTS, showing a coarse grained faceted surface; (cd) Fracture surface of BTS/CF showing grain refinement and exposed carbon fibres (dark)
which are arrowed.
All samples exhibit negative S as shown in Figure 7.4b, which indicates that
electrons are the major charge carriers. The absolute magnitude of the S value firstly
increases with temperature, reaches a maximum value at a certain temperature (TSmax),
and then quickly decreases as the temperature rises further. The degradation of S can be
attributed to bipolar conduction due to the generation of thermally-excited minority
carriers. Below 400 K, S values of BTS/CF samples are remarkably lower than that of
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pristine BTS sample, exhibiting the inverse coupling of the S and σ. However, above 400
K, the S values of composites are close to that of BTS. Obviously, the TSmax of BTS/CF
composite materials shifts to higher temperatures, indicating that the excitation
temperature has changed.

Figure 7.3. STEM images of the BTS/CF05 specimen. (a) Low magnification bright-field
(BF) image showing the BTS matrix (dark) and carbon phase (light, yellow circles). (b)
Medium-magnification BF image of boxed region B in (a) showing the nanoscale carbon
located at the grain boundaries. (c) A series of high-angle annular dark-field (HAADF)
images showing nanoprecipitates (red ellipses) nucleated at the carbon particles. (d)
Atomic-resolution BF image of boxed region in (a) showing the interface between carbon
and BTS. Inset is the diffractogram of the BTS phase showing a [5-51] zone axis. (e)
HAADF image of the boxed region in (b), showing the interface between carbon (dark,
upper left) and Bi2O3 (light, lower right), with the inset diffractogram pattern of Bi2O3.
(f) High resolution HAADF image showing details of a nanoprecipitate in the boxed
region in (b). The inset BF image shows a detail of the interface between the BTS matrix
and the Bi2O3 precipitate.
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Figure 7.4. The electrical transport properties of the BTS and BTS/CF samples.
Temperature-dependence of (a) the Seebeck coefficient; (b) the electrical conductivity;
and (c) the power factor. (d)The carrier concentration (p) and carrier mobility (µH) of the
samples as a function of the CF content at 300 K.

Figure 7.5. (a) UPS spectrum of the BTS matrix. (b) UPS spectrum of carbon fibers. The
insets are details of the circled regions on the spectra, showing the cut-off Ecut-off and
Fermi edge EFermi of the UPS spectrum. (c) The schematic diagram of the band alignment
of the interface between the BTS matrix and the carbon fibers. The terms WCF, EFCF, WM
and EFM are work function and Fermi energy for carbon fibers and BTS matrix, and Evac,
Ec , Ev and Eg are vacuum energy, conduction band minimum, valence band maximum
and band gap of BTS.
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The temperature dependence of the PF for all samples is given in Figure 7.4 c. In
the low temperature range (below 400 K), the PF for the BTS samples with 0.4~0.8 wt%
CFs is lower than that of pristine BTS due to the decreased S values at low temperature.
However, above 400 K, the BTS/CF samples show an enhancement of PFs relative to
BTS sample due to the suppression of the bipolar effect.
Generally, the properties of composites may be associated with their constituents.
The intrinsic electrical conductivity of CFs is about 1100 S.cm-1, which is lower than that
of BiTeSe matrix (1311 S.cm-1). Thus, the electrical conductivity increment of BTS/CF
composites does not step from the contribution of CFs. To explain the variation of σ and
S, we measured the Hall carrier concentration (nH) and carrier mobility (H) (Figure S
7.6). Figure 7.4d shows the effect of CFs addition on the electron transport properties of
the BTS/CF samples at 300 K. Compared to the pristine BTS sample, all the BTS/CF
composites show a significant increase in nH. This can explain the decrease in S below
400 K in the BTS/CF composite materials because of the inverse relationship between S
and nH. Moreover, the high nH will effectively reduce the density of minority carriers that
are thermally excited at high temperature, thereby retarding the degradation of S above
400 K. As shown in Figure S 7.6b, the carrier mobility H approximately follows a T-1.5
dependence for all samples, which implies an acoustic phonon-dominant process. Notably,
we observed a decrease in H with the addition of CFs (Figure 7.4d). The reduction in
carrier mobility with the addition of CFs may occur due to the following reasons: 1) the
presence of numerous interfaces including phase boundaries and nano-scale grain
boundaries in composite samples can cause carrier scattering, thereby degrading the
carrier mobility. 2) It is well-known that the carrier mobility of n-type BiTeSe materials,
which have a layered structure, exhibits obvious anisotropy and is very sensitive to the
texture. In this work, we observed that the degree of texturing of BiTeSe/CF composites
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is weakened with increasing CF content. This may lead to the reduction in carrier mobility
with the addition of CFs. Because the carrier mobility is decreased with the increasing CF
content, we observed a decrease in electrical conductivity when CF content> 0.3 wt%.
However, the increased nH can completely compensate for the reduction of H, so an
enhanced σ value is achieved in the BTS/CF composite materials. Changes in nH for
samples with CF addition may originate from increased structural defects. According to
the quantitative results from EDS analyses (Figure S 7.3), the Bi/(Te+Se) ratios can be
indexed as 58.6/41.4, implying the the presence of anion vacancies that can create
electrons. Additionally, the change in carrier concentration may be associated with the
presence of locally segregated Bi2O3 micro-domains. It has been reported that oxygen can
be incorporated into BiTeSe solid solution, and the incorporated oxygen can act as
donor[34] Another possible mechanism of enhanced carrier density can be attributed to the
charge transfer between CFs and the BTS matrix because of their different work functions.
The work function can be determined by ultraviolet photoelectron spectroscopy (UPS)
according to the relationship[35]: W=h-(ECutoff-EF), where hv, ECutoff and EF are the photon
energy, kinetic energy of the inelastic cutoff and kinetic energy of Fermi edge,
respectively. As shown in Figure 7.5, the work function of the BTS matrix is measured
to be about 5.5 eV, while the CFs have a work function of about 4.9eV. The schematic of
the interfacial band diagram is given in Figure 7.5c. Since the work function of CF is
lower than that of the BTS matrix, the electrons in the Fermi level of the CFs can transfer
from the amorphous surface of the CFs to the BTS matrix to balance their chemical
potentials, leading to an increase in the carrier density. Therefore, it is the increased
carrier density compensates for the reduced mobility, which is responsible for the
improved σ for BTS/CF composite materials.
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The temperature-dependent total thermal conductivity () for all samples is given
in Figure 7.6a. Thevalues of all samples show similar behavior with respect to
temperature: it first decreases, and then increases with increasing temperature. It can be
noted that the BTS samples with 0.3~0.6 wt% CFs dispersions have smaller values than
pristine BTS at all of the temperatures studied here. Moreover, the  can be reduced by
incorporating very small amounts of CFs (0.3~0.5 wt%), reaching a minimum at 0.5wt%.
Further additions of CFs cause a slight increase in . In particular, the  value of
BTS/CF08 samples is higher than that of the BTS matrix at room temperature. However,
above 400 K, the situation is reversed (tot of BTS/CF08 is lower than that of BTS).
Thermal conductivity in narrow-gap TE materials, such as Bi2Te3-based materials,
is composed of the lattice thermal conductivity (κL), the electronic thermal conductivity
(κe), and the thermal conductivity from the bipolar effect (κb). The κe can be calculated
based on the Wiedemann-Franz’s law from the relation κe = LσT, where L is the Lorenz
number which can be calculated by the single parabolic band model with acoustic phonon
scattering (See the Supporting Information (SI)). The calculated κe and - κe (namely,
κb+κL) are shown in Figure 7.6b,c. The increase of κe and the decrease of - κe is very
significant in BTS/CF composite materials. This indicates the reduction of  in BTS/CF
specimens must originate from the suppression of κL and κb. Furthermore, κb can be
estimated based on a two parabolic band model (See SI) by considering one valence and
one conduction band contributing to transport. Subsequently, κL can be obtained by
subtracting the κe and κb from . The resulting temperature dependence of κL and κb are
shown in Figure 7.6d,e. As expected, the κL of BTS/CF composites is significantly
reduced relative to BTS, especially when adding 0.3~0.5 wt% CFs. For instance, κL at
300 K decreases from 0.83 W.m-1.K-1 for pure BTS to 0.45 W.m-1.K-1 for BTS/CF05
(Figure 7.6d). As shown in Figure 7.6e, κb tends to rise exponentially with temperature
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due to the creation and annihilation process of thermally excited electron-hole pairs which
additionally contribute to heat conduction. It is worth pointing out that BTS/CF
composites show a lower κb than the BTS matrix, which is indicative of the suppression
of minor carrier (holes) transport.

Figure 7.6. The thermal transport of the BTS and BTS/CF samples. Temperature
dependence of (a) the total thermal conductivity (κ);(b) the electron thermal conductivity
(κe);(c) the sum of the lattice and the bipolar thermal conductivity (κL+ κb); (d) the lattice
thermal conductivity(κL); (e) the bipolar thermal conductivity(κb); (f) the lattice thermal
conductivity (κL) with respect to the CF content. The solid line represents the predicted
values based on Maxwell-Garnett rule for mixtures.
When it comes to the effective thermal conductivity of composite materials, one of
the influencing factors to consider is the nature of their constituents. The intrinsic thermal
conductivity of CFs is as high as 20 W.m-1.K-1, which is much higher than that of pure
the BTS matrix (0.83 W.m-1.K-1 at 300 K). The easiest estimate for the effective thermal
conductivity of an ideal two-phase composite uses an effective medium model such as
the Maxwell Garnett rule for mixture[36]. Figure 7.6f gives a comparison of κL with
respect to CF content for the values predicted from the mixture rule and the experimental
results. Surprisingly, the κL of BTS/CF samples is much lower than the estimated values.
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This indicates that CFs incorporated in the composites should result in additional phonon
scattering and thus impede the heat conduction more than their contribution as a thermally
conductive component. STEM observations (Figure 7.3) show a wide range scale of
microstructural defects found in BTS/CF samples, such as nanoscale precipitates, fine
scale carbon particles, refined BTS grain size and amorphous-crystalline interfaces. These
features enable the full spectrum of scattering for phonons, thereby minimizing the κL.
Another consideration is that imperfect high interfacial thermal resistance between
different constituent phases can greatly affect the effective thermal conductivity of
composite materials. Heat transporting phonons can be trapped or scattered at the
interfaces between dissimilar amorphous carbon and crystalline BTS, creating an
interfacial thermal resistance. The large difference in densities, phonon models, thermal
expansion mismatch and stiffness between CFs and BTS gives rise to the large interfacial
thermal resistance between them. It has been shown that the mismatch between the
phonon densities of states (DOS) of the dissimilar phase boundaries is considered to be
the primary reason for a lower phonon transmission coefficient which, in turn, leads to a
large thermal resistance. The phonon DOS for CFs and BTS are plotted in Figure S 7.7.
It can be seen that the vibrational DOS for BTS is mainly concentrated within 5 THz,
while the vibration modes of carbon are of very low intensity in this frequency range.
This leads to phonon localization at the interface which suppresses phonon propagation.
In fact, increasing the thermal interface resistance of each boundary by incorporating
carbon additives has been successful in reducing thermal conductivity in other TE
material systems

[37-40]

. It is worth pointing out that κ increased when the CFs content

exceeded 0.5 wt%, implying that there is an optimum level of CFs to achieve low κ. This
is because increased CFs additions result in more heat conductive components and these
can connect with each other and form partial heat conductive networks.
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Figure 7.7. Thermoelectric performance of BTS and BTS/CF materials. (a) Temperature
dependence of ZT. (b) ZT prediction with varying weighted mobility ratio of major and
minor carriers, carrier density and lattice thermal conductivity based on the effective mass
model. (c) Comparison of performance (ZT) of materials from this study with various
comparable studies reported in the literature.; (d) The calculated average ZT and
conversion efficiency (300~550K) of BTS/CF materials (this work) versus various stateof-art materials reported in the literature[9, 10, 26, 30，41, 42].
7.4.3 The Dimensionless Figure-of-Merit ZT
The temperature dependence of ZT in terms of both electrical and thermal properties
measured along the in-plane direction is shown in Figure 7.7a. It is clear that ZT for the
BTS/CF composites with 0.3~0.5 wt% CFs outperforms pristine BTS over the entire
temperature range studied here. As previously mentioned, an increase in the levels of CFs
leads to a decrease in carrier mobility and an increase in lattice thermal conductivity. Here,
for the highest CF levels used (0.6-0.8 wt%), ZT decreased below the value for pure BST
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at room temperature, although that situation reversed above 375 K. Moreover, due to the
suppression of the bipolar effect, the peak in ZTs for BTS/CF samples was shifted to a
higher temperature compared with that of pure BTS (Figure 7.7a). The maximum ZT of
1.1 can be realized at around 400 K in the BTS/CF05 sample, which represents a 37%
enhancement compared with that of the pure BTS (ZT=0.8). More importantly, the
average ZT (ZTave) and the calculated conversion efficiency (Figure 7.7b) is improved
to be 0.95 and 9%, respectively over the operating temperature range of 300~550 K,
which is indeed an excellent and competitive value when compared with results reported
for other n-type BTS materials[9, 10, 26, 30, 41, 42] (Figure 7.7 b and Figure 7.7 c).
To elucidate the factors involved in the ZT enhancement of BTS/CF materials, the
effective mass model is employed to analyze the TE transport data. Since the CF addition
does not change the electronic band structure and the acoustic phonon scattering is
dominant for all samples, it is reasonable to use this model for analysis. As BTS is a
narrow band gap semiconductor, we consider a two-band model with one conduction
band (CB) and one valence band (VB) contributing to electron transport[43] (See SI). It is
important to note that the maximum ZT of a material is proportional to the weighted
mobility divided by the lattice thermal conductivity μw/κL when the carrier concentration
is optimized. By using this model, the key TE parameter, weighted mobility (w) for
major and minor carriers (w,maj andw,min), which is a carrier concentration-independent,
can be estimated from the measured S and . To optimize TE performance of BTS over
a wide range of temperatures, a high ratio of weighted mobility for majors to that for
minority carriers (A=w,maj/w,min) is desired. Combined with lattice thermal conductivity
and estimated weighted mobility ratio for holes and electrons, we carried out the
predictions on potential ZT values. As shown in Figure 7.7b, predicted values for BTS
agree well with the modelled result (black line) using A=1.36, L=0.83 W.m-1.K-1 and
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nH=3.51019 cm-3(300 K). Increasing nH and A parameters shifts the maximum-ZT
temperature to a higher temperature and increases ZT from black line to violet line due to
the suppression of bipolar effect. Further reducing L greatly increases ZT shown by the
green line. This modelled response describes the measured temperature dependence of
ZT for BTS/CF05 sample very well (Figure 7.7b). This indicates that the ZT
enhancement in BTS as a result of CF additions can be attributed to the reduced lattice
thermal conductivity together with the enhanced ratio of weighted mobility for major and
minor carriers
7.4.4 Mechanical properties

Figure 7.8. Compressive test results for BTS and BTS/CF materials. (a) Compressive
stress-strain curves along in-plane and cross-plane directions. (b) Maximum compressive
strengths of BTS and BTS/CF materials. The uncertainty of maximum compressive
strengths is 10%..
To investigate the effect of CFs on the mechanical properties of n-type BTS
materials, we performed compression tests on representative BTS/CF composite
materials. For comparison, the commercial zone-melted BTS and un-doped BTS
specimens formed by SPS processing are also included. Considering that the BTS sample
shows an anisotropic microstructure, we measured the mechanical properties of all
samples along the in-plane and cross-plane directions. As shown in Figure 7.8a, the
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compressive stress for all samples in the two directions increased monotonically with an
increase in strain until they fractured. All samples showed obvious anisotropic
mechanical properties in the two different directions with the compressive strength along
the in-plane direction being smaller than that along cross-plane direction due to the effects
of texture. As shown in Figure 7.8b, the compressive strengths of the zone melted (ZM)
BTS sample in the in-plane and cross-plane directions are only 18 MPa and 24 MPa
respectively, which is comparable to that reported for ZM ingots[44]. The compressive
strength of BTS after SPS processing is increased to 48 MPa in the in-plane direction and
64 MPa in the cross-plane direction. Interestingly, the SPS-derived BTS/CF05 sample
has a much larger compressive strength in the two direction of 61 MPa and 92 MPa
respectively, which is 27% and 43% higher than that of SPS-derived sample without CFs.
In addition, the microhardness (tested using the indentation method) of the BTS/CF05
composite sample is also higher than that of pristine BTS samples, as shown in Figure S
7.8. The mechanical properties can be greatly improved by incorporating CFs, which can
be considered as the sum of many factors such as composition and microstructures. On
the one hand, it is well-known that CFs are used extensively for reinforcement in polymer
and cement composites because such fibers have high strength (3-7 GPa), high modulus
(200–500 GPa) and high compressive strength (1–3 GPa) [45] As a result, the CF dispersed
in the BTS matrix can bear a much higher load than the matrix. The key role of the CFs
is to provide intrinsic strength and to block the propagation of cracks and toprevent the
decohesion of grain boundaries. Furthermorethe addition of CFs modifies the
microstructure whereby the grain sizeis reduced in size and becomes more randomly
oriented. The reduced degree of texturing enhances the mechanical properties. The
excellent mechanical performance observed in BTS/CF composites is highly
advantageous for practical devices as the materials then possess good machinability and
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improved resistance to mechanical and thermal shock, leading to improved reliability of
TE devices.
7.5 Conclusions
In summary, we have successfully fabricated carbon fiber-reinforced n-type BTS
composites by spark plasma sintering, We have systematically investigated their TE and
mechanical properties. Our results show that incorporating a small amount of carbon fiber
(<=0.5wt%) into BTS can dramatically reduce the lattice thermal conductivity while
maintaining a large power factor, leading to a high peak ZT of 1.1(at 400 K) and an
average ZTave value of 0.95 (at 300~550 K). The large power factor in BTS/CF
composites can be attributedto the increase in carrier density and the improved weighted
mobility ratio of majority and minority carriers; while the low thermal conductivity
results from strong phonon scattering by a wide range-scale of boundaries as well as the
large interfacial thermal resistance between amorphous carbon and BTS matrix.
Furthermore, these BST/CF materials exhibit superior compressive strength when
compared with a commercial zone melted BTS material. This improvement in mechanical
properties results from the refinement of BTS grain size and the high intrinsic strength
properties of carbon fibers. This discovery presents an attractive development path for
high-performance composite TE materials.
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7.6 Supporting Information
Microstructural Characterization

Figure S 7.1 Backscattered electron (BSE) images and x-ray energy dispersive
spectroscopy (EDS) mapping of polished surfaces of BTS and BTS/CF samples. (a) BSE
of BTS sample; (b) BSE of BTS/CF05 sample; (c)BSE/CF08 sample;(d) EDS mapping
for BTS/CF05 in (b)

Figure S 7.2 Scanning transmission electron microscopy – energy dispersive
spectroscopy (STEM-EDS) mapping characterization of a BTS-CF interface: a) Highangle annular dark field (HAADF) image. The large carbon fiber particles appear dark in
this atomic number contrast imaging mode; EDS maps of: b) C K, c) O K, d) Se L, e) Te
L, f) Bi f.
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Figure S 7.3. Scanning transmission electron microscopy – energy dispersive
spectroscopy (STEM-EDS) mapping characterization of a BTS/CF05: a) High-angle
annular dark field (HAADF) image of fine scale carbon particles in a BTS matrix. The
carbon fiber particles appear dark in this atomic number contrast imaging mode; The EDS
maps of: b) C K, c) O K, d) Te L, e) Bi L, f) Se L.
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Figure S 7.4. Scanning transmission electron microscope – energy dispersive
spectroscopy (STEM-EDS) mapping characterization of a Bi2O3 precipitate in a BTS
matrix: a) High-angle annular dark field (HAADF) image showing the nanoprecipitate.
EDS maps of: b) C K, c) O K, d) Se L, e) Te L, f) Bi L.

Figure S 7.5 Scanning transmission electron microscopy-electron energy loss spectrum
(EELS) characterization of BTS/CF05. a) High-angle annular dark field (HAADF) image;
b) C K EELS spectrum of spot 1 and spot 2 marked in a). This confirms that the dark
features in a) are carbon particles rather than voids.
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Electrical transport properties

Figure S 7.6. Temperature dependence of (a) the Hall carrier concentration and (b) the
Hall mobility along in-plane directions from 10-340 K for various additions of CF

Phonon Mismatch

Normalized Phonon DOS

1.0
BTS (Ref. )
C
0.8

0.6

0.4

0.2

0.0
0

10

20

30

40

50

f (THz)
Figure S 7.7. Phonon density of states (DOS) mismatch between carbon and BTS. The
data of phonon DOS of BTS is adopted from Ref.[46]
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Figure S 7.8. Vickers hardness of pristine BTS and BTS/CF05 composite samples. The
micro-Vickers hardness test was measured at multiple points and then the average value
was obtained.
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Figure S 7.9. Linear thermal expansion of BTS and BTS/CF05 composite samples. The
mean coefficient of thermal expansion of BTS/CF05 sample is 15.8110-6 K-1, which is
a little smaller than that of pristine BTS sample (16.27910-6 K-1).
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Anisotropic TE performance in different directions

Figure S 7.10. Anisotropic thermoelectric performance in different direction.
Temperature dependence of a) the Seebeck coefficient; b) electrical conductivity; c)
thermal conductivity; d) ZT of the BTS and BTS/CF05 samples along in-plane and crossplane directions.
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Figure S 7.11. Temperature dependence of the specific heat capacity. The Cp values for
all samples are very close to the calculated values from the Dulong-Petit laws. In this
work, we set the Cp value as the constant 0.162 J-1·g-1·K-1 to calculate the thermal
conductivity.

Density and Carbon Fiber Content of Samples
Table S 7.1: Density and CF content of bulk BST/CF samples.
Samples

BTS

BST/CF03

BST/CF04

BST/CF05

BST/CF06

BST/CF08

Density (ρ,
g/cm3)

7.51

7.36

7.32

7.26

7.23

7.2

Relative
Density

96.0%

94.3%

93.7%

93.0%

92.6%

92.13%

0 wt%

0.3 wt%

0.4 wt%

0.5 wt%

0.6 wt%

0.8wt%

0 vol%

1.1 vol%

1.5 vol%

1.9 vol%

2.3 vol%

3.08 vol%

CF content

290

Effective mass model
1. Single parabolic band model
Assuming a single parabolic band model and dominant acoustic phonon
scattering[47, 48], the Seebeck coefficient depends only on the reduced Fermi level η.

k B F12
S   ( 2  )
e F0

S 7.1

Where kB is the Boltzmann constant, e is the electron charge, Fn (η) is the nth order
Fermi integral, and η is the reduced Fermi energy.
The Hall carrier concentration and Hall mobility can be calculated according to the
following equations.

 2m * k T 
n  4  d 2 B 
 h


3/2

F1/2 ( )

S 7.2

Where md* is the electron density-of-states effective mass, which can be derived
from the valley degeneracy, Nv, and the effective band mass of a single valley, mb*, as
expressed by

m*d = Nv2 / 3 mb*

S 7.3

The Hall carrier concentration (nH =1/RHe) is related to the chemical carrier
concentration n via nH = n/RH, where the Hall factor RH for acoustic phonon scattering is
given by
1
n

RH e rH

S 7.4

F
3
F1/2 1/22
2
2 F0

S 7.5

nH 

rH 

The mobility calculated using the product of σ and RH, the Hall mobility μH, is also
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dependent on η. The relationship between μH and the energy independent mobility
parameter μ0 is given by:
F
1
 0 1/2
 nH e
2 F0

H 

S 7.6

In deformation potential scattering, the mobility parameter μ0 is given by

πhCl
μ0 = 
 2Ξ 2 (m* k T)3 / 2
b B


 e 
  * 
  mc 

S 7.7

Where Cl is the Elastic constants, the  is the deformation potential, which is the
change in electron energy due to the deformation of the materials; mc* is the inertial
effective mass, which is related to the transverse ( m*b, ) and the longitudinal effective ( m*b,P
) band masses of a single valley using the expression given by
1
1 2
1
= (
+
)
m*c 3 m*b, m*b,P

S 7.8

The weighted mobility is related to μ0, given by

 w  0 (md* )3/2  (

Cl N v
h4e
)(
)
2 *
2(k BT )3/2  mc

S 7.9

The electrical conductivity, σ, can be expressed as a function of η and the weighted
mobility, μw , given by



8 e 2me k BT 3/2
(
) w F0
3
h2

S 7.10

Fj is the Fermi integral:

Fj = 



0

x j dx
1  exp( x   )

The Lorenz factor (L) is given by:
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S 7.11

L(

k B 2 3F0 F2  4 F12
)
e
F02

S 7.12

2. Two band model
In the case of the conduction band (CB) and valence band (VB) contributions to
conduction, the total thermoelectric properties are calculated using the following
equations.
Total electrical conductivity

σtot =  σi ,

S 7.13

i

Total Seebeck coefficient

Stot =

 Sσ
σ
i

i

i

;

S 7.14

i

i

Total Lorenz number

Ltot 

 L
i

i

i

 tot

S 7.15

Total Hall coefficient

RHtot =

R
( σ

2

σ i2

2
i

)2

H

i

i

S 7.16

Total thermal conductivity



2
κtot  κ L   Li σ iT T   Si2 σ i - Stot
σ tot 
i
 i


S 7.17

Where subscript i represents the contribution from each band, which can be
calculated by the single parabolic band model. In Equation S 7.14, the first term, second
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term, and third term are the lattice thermal conductivity (L), electronic thermal
conductivity (e), and bipolar thermal conductivity (bi), respectively.
In this model, the effective mass and initial doping level for each band are fixed
along with the band gap. To calculate the Fermi level at each temperature, the charge
neutrality condition is used for the chemical potential relationship between two bands
with a known gap. The charge neutrality is given by[49]
N d+ + p = n+ N a-1

S 7.18

Where Nd+ and Na- are the number of ionized donors and aceptors, respectively, and
p and n are the concentrations of holes and electrons. For a given band gap Eg, the
relationship between the reduced chemical potentials of the two bands is given by the
expression:

ηh = -Eg kbT - ηe

S 7.19

Where Eg is the band gap (0.14 eV at 300 K) of BTS.
The weighted mobility ratio between major and minor carriers can be defined as:

A=

μw,maj
μw,min

S 7.20

The ratio, A, is an important criterion to evaluate good performance for narrowband gap thermoelectric materials. To improve ZT, one must increase the A parameter.
Once the weighted mobility for major and minor carriers, the band gap, and the
dopant level are set, and the Fermi level at each temperature has been calculated, the
transport properties can be calculated according to this model.
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Table S 7.2. Material parameters used to calculate the thermoelectric properties
Parameters

BTS

Elastic constants Cl (Pa)*

64.6×109

Band gap Eg (eV)

0.14 [50]

0.14 [50]

Deformation potential of VB Edef (eV)

16.35

17.56

Deformation potential of CB Edef (eV)

6.37

6.1

Effective mass of VB m* (m0)

1.4

1.4

Effective mass of CB m* (m0)

1.1

BTS/CF05
[43]

64.6×109

[43]

1.2
9

5.00×109

Carrier concentration N

3.68×10

Weighted mobility ratio A

1.36

1.60

Lattice thermal conductivity (W·m-1·K-1)

0.83+(T/300)-1

0.45+(T/300)-1
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Chapter 8: General Conclusions and Outlook
8.1 General Conclusions
This doctoral research project was focused on developing high-performance SnSebased and Bi2Te3-based thermoelectric materials by using novel composite strategies.
Massive experiments were performed on composite bulk material preparation, structural
characterization, and thermoelectric and mechanical performance evaluation, and the
effects of composite strategies on the thermal and electrical transport properties were
systematically investigated. In this work, the figures-of-merit (ZT) of SnSe-based and
Bi2Te3-based composite materials were greatly improved due to the optimization of the
power factor and the reduction of thermal conductivity. The findings in this thesis have
led to an attractive path for designing high-performance bulk composite materials,
providing great potential for thermoelectric power generation and cooling applications.
The major findings from this work are listed below:
(1) SnSe polycrystalline materials are more suitable for practical thermoelectric devices
due to their low cost and good mechanical properties, compared with their corresponding
single crystals, although the ZT of SnSe polycrystalline material is still somewhat lower
than that of SnSe single crystals. In this work, an innovative composite strategy was
employed to enhance the thermoelectric performance of SnSe materials by decoupling
the electrical transport from the thermal transport through carbon inclusions. The
dispersion of carbon fibers in the SnSe matrix is shown to provide not only a certain
number of electron transmission paths to enhance electrical conductivity, but also
additional interfacial thermal resistance to reduce thermal conductivity. As a result, a low
lattice thermal conductivity of 0.22 W·m-1·K-1 and a high thermoelectric figure of merit
(ZT) of 1.3 at 823 K was obtained in p-type SnSe/carbon composite polycrystalline
301

materials. Furthermore, the incorporation of carbon can also improve the mechanical
strength of SnSe materials, which is favorable for device longevity.
(2) By nano-defect engineering, a series of BiSbTe thermoelectric materials were
successfullu fabricated with the addition of a small amount of amorphous nano-boron
particles using the spark plasma sintering method. This wor demonstrated that the nanoboron incorporation as well as the hierarchical microstructures greatly reduces the thermal
conductivity and simultaneously enhances the power factor due to the optimization of
electron transport. As a result, a record high ZT of 1.6 ± 0.1 at 380 K was achieved. Such
a high ZT led to a high maximum conversion efficiency of 11.3% for BiSbTe/boron
materials, which were improved by more than 60% compared with the commercial
bismuth telluride-based materials. Our findings represent an important step in further
promoting the development of thermoelectric technology, which will revolutionize its
widespread application in solid-state refrigeration and power generation.
(3) By combining carbon fiber incorporation with the spark plasma sintering method, the
thermoelectric (TE) performance of BiSbTe materials has been significantly improved
over a wide range of temperature. A high ZT of 1.4 at 375 K and a high average ZT of
1.25 for temperatures in the range of 300 to 500 K were achieved in BiSbTe/carbon
microfiber (BST/CF) composite materials. Such high ZT values mean that these materials
outperform most of the recently reported Bi2Te3-based materials. The superior TE
performance originates from their low thermal conductivity and the relatively high power
factor. Multiscale microstructures such as nanoscale precipitates and mesoscale phase
boundaries with giant interfacial thermal resistance are responsible for the low thermal
conductivity. In addition, the moderate electrical conductivity of carbon fibers and the
relatively low energy barrier at the interface enables carriers to cross the interface easily,
thereby retaining the relatively high power factor. A single TE unicouple device
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consisting of p-type BST/CF composite materials and commercial n-type materials
generated a large cooling temperature difference of 35-57 K at an operating temperature
of 299-375 K and a current of 4.5 A, which is 1.6‒1.9 times higher than for the reference
device made from commercially available p-type and n-type TE materials. In addition to
the high thermoelectric performance, the superior mechanical properties of composite
materials offer great potential for device applications.
(4) To improve the thermoelectric and mechanical performance of n-type BiTeSe
materials, we have successfully fabricated carbon-fiber-reinforced n-type BiTeSe
composites by spark plasma sintering. Our results show that incorporating a small
amount of carbon fiber (≤ 0.5wt%) into BiTeSe can dramatically reduce the lattice
thermal conductivity while maintaining a large power factor, leading to a high peak ZT
of 1.1 (at 400 K) and an average ZTave value of 0.95 (at 300~550 K) for the
BiTeSe/carbon composite materials. The large power factor in BiTeSe/carbon
composites can be ascribed to the increase in carrier density and the improved weighted
mobility ratio of majority to minority carriers, while the low thermal conductivity results
from strong phonon scattering by a wide range of boundaries on different scales as well
as the large interfacial thermal resistance between the amorphous carbon and the BiTeSe
matrix. Furthermore, these BiTeSe/carbon materials exhibit superior compressive
strength when compared with a commercial zone-melted BiTeSe material. This
improvement in mechanical properties results from the refinement of the BiTeSe grain
size and the high intrinsic mechanical properties of carbon fibers.
8.2 Future Outlook
This research project was mainly focused on the improvement of
thermoelectric performance though the nanocomposite engineering in bulk
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thermoelectric materials. This study of the development of composite thermoelectric
materials will be expected to be useful for applications in multidisciplinary fields such as
power generation from waste heat and environmentally friendly refrigeration. Based on
this research project, we propose the following strategies in future work.
(1). Studying the mechanism of thermoelectric enhancement in bulk composite
materials. Our current fundamental understanding of the physics of the thermoelectric
properties of the composite thermoelectric materials is basically stalled at the
experimental exploration stage. In bulk composite thermoelectric materials, many factors
can affect the phonon and electron transport properties. These factors include selection of
the second-phase inclusions, the dimensionality of inclusions, the distribution of the
secondary phase, and the interaction between the inclusions and the matrix. Therefore, it
is very necessary to carry out the systematic investigations on the thermal and electron
transport properties of the composite thermoelectric materials.
(2) The high performance of Bi2Te3-based composite bulk materials in this research
work is expected to lead to the fabrication of functional thermoelectric modules. The next
phase of the project will be the assembly of thermoelectric modules and evaluation of the
conversion efficiency of thermoelectric devices. This will involve solving their contact
resistance, welding, and heat loss issues to maximize the conversion efficiency of TE
modules.
(3) In future research work, we hope to implement novel designs of microstructures
using nano-compositing methods to improve the thermoelectric performance in different
material systems. Inclusions, including different carbon allotropes, boron allotropes, and
magnetic particles, may be very effective for reducing the thermal conductivity to a

304

minimum, by reducing phonon lifetimes (through scattering) and adjusting the
phonon transmission coefficient at the interfaces.
(4) Nanostructures have been proven to provide effective opportunities to
enhance thermoelectric performance. In future research work, we will extend past
work to synthesise nanocrystals, nanowires, nano- and micro-belts, and nanosheets
of Bi2Te3-based materials and composites using hydrothermal methods, meltspinning, thermal evaporation, and vapour deposition, so as too systematically
study their thermoelectric performance.
(5) High performance flexible thermoelectric materials are an interesting
research direction in future work. I will explore the fabrication of flexible hybrid
Bi2Te3 composite thin films. This may yield a new platform for flexible
thermoelectric devices suitable for wearable smart devices and clothing.
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